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Jadhav trained me to operate the electrospinning machine. 
I am grateful to my supervisors for their substantive feedback on the development of the ideas 
and design of the research as presented in this thesis. 
	
	
ABSTRACT 
Protection against high heat conditions is of utmost importance in different specific fields, such 
as firefighting. The clothing of a firefighter is the last line of defence for survival. Though over 
time firefighters’ protective clothing (FPC) has improved significantly, still today firefighters 
receive severe burn injuries on duty. Hence, researchers all over the world continue to 
investigate innovative materials, methods and practices to improve the performance of FPC. 
Aerogel is an extremely heat-insulating material. It has very good potential to be used in FPC. 
The aim of this study is to explore the application potential of aerogel on textiles for thermal 
protection in high heat conditions, especially in firefighting. For the first time, the current study 
shows how the heat-insulating property of aerogel can be coupled with the heat-absorbing 
capability of phase change material (PCM) in FPC. PCMs are well known for their use in 
thermoregulating clothing because they are capable of absorbing and releasing heat as 
necessary. Aerogel was applied on the first layer of protection while PCM acted as a supportive 
layer from next to the skin surface. The combination has the capability of shielding the body 
from high heat and absorbing metabolic heat. An easy-to-apply coating additive was prepared 
by housing PCM in aerogels’ nanopores and a bench-scale instrument was developed to 
evaluate the radiation heat protection of various layers of FPC at the same time in a multilayer 
construction. The flammability risk of PCM-containing thermal liners has also been 
investigated. Finally, the study shows an innovative application of existing aerogel nonwoven 
in FPC and develops alternative methods to produce nonwoven fabric containing aerogel 
through needleless electrospinning.  
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CHAPTER 
ONE 
INTRODUCTION 
Firefighters work to protect the public in emergency situations and save lives from fire. They 
need protection for themselves as they protect others. Firefighters work in a variety of thermal 
environments from dark cold nights through bright sunny days to flashover situations. In any 
situation where they work, the heat insulation of firefighters’ protective clothing (FPC) plays 
a vital role in their protection and comfort. Although the protective capability of FPC has been 
improved significantly with the advancement of technology, firefighters still suffer burn 
injuries.  
The comfort of the garment is also an important consideration. This is a challenging task as it 
requires a compromise between two crucial but conflicting factors. FPC is required to be 
thermally insulated from incoming high heat fluxes from external sources, while at the same 
time it also needs to have a mechanism for the outgoing internal metabolic heat to escape from 
the clothing system. Thermal protection is undoubtedly the primary concern, but its effects on 
metabolic heat are also very important to consider [1]. Various innovative materials and 
methods are gradually emerging that consider this complex aspect of FPC. Thus, the 
incorporation of heat-resistant material like aerogel and heat-absorbing substances like phase 
change material (PCM) in FPC has good potential to both enhance protection and impart 
comfort in this regard. In this thesis, aerogel and PCMs were incorporated in FPC and their 
effects on protection and comfort properties were evaluated.  
1.1 Rationale and research gap 
The research aims to utilise the lightweight and superior heat-insulating properties of aerogel 
in high heat insulating clothing with a particular focus to improvise FPC in this manner. 
Aerogel is the lightest solid available to modern science. Aerogel offers high thermal 
insulation, ultra-high porosity and vast surface area [2-4]. Although the advent of aerogel was 
primarily intended for aerospace applications, in recent years it has been commercially applied 
in different fields such as building insulation [5-7], pipelining [7, 8], industrial cryogenic 
applications [9, 10], and outdoor gear [11, 12]. When it comes to the point of using aerogel in 
clothing, mostly its use can be found in cold-weather items. The use of aerogel in high heat 
Page 2 of 210
	
	
protective clothing is a comparatively new field of interest and yet to be explored in its full 
potential. There are some studies available that show the use of aerogel in FPC. However, one 
concern about aerogel embedment in FPC is that, when the aerogel resists the incoming high 
heat fluxes, it also resists the release of outbound metabolic heat. Hence, this thesis research 
intended to use PCM alongside aerogel to enhance the protection and comfort of FPC. Thus, 
for the first time, the extraordinary heat-insulating property of aerogel is combined with the 
heat-absorbing property of PCMs in high heat condition. 
Comfort is a complex and nebulous aspect of human feeling which is difficult to define. A 
person engulfed in fire and a person walking on a frozen lake will experience comfort 
differently. Even firefighters in flashfire conditions will experience comfort differently to how 
they will feel in a normal fire station environment. Thus, there is a scenario where one feels 
comfortable by releasing metabolic heat, while another time one may feel comfortable by 
retaining it. In the current study, protection and comfort are considered in the state when a 
firefighter encounters a high heat situation. In this case, insulating the body from external heat 
is the prime priority, while it also needs to lose metabolic heat. In neutral environment, the 
human body loses only one-quarters of the heat through evaporation of sweat [13]. But, in an 
outdoor environment, wind strongly affects the convective heat transfer (loss or gain) and the 
radiation of heat also significantly affects whether the skin will gain or lose heat [13].  
To date, FPC with an aerogel or PCM layer is not commercially available as its development 
is still in a preliminary stage. In the current body of knowledge, one group of researchers has 
demonstrated the bright prospect of aerogel incorporation in FPC, while another group has 
shown the impressive thermal performance of FPC by embedding PCM in it. This study 
primarily intended to combine the heat-resistant property of aerogel with the heat-absorbing 
property of PCM to improve the performance of heat-insulating textiles. To do this, it was 
required to deal with the inherent problems of these two materials. There are several general 
problems with both aerogel and PCM. In the case of PCM, common problems are the need for 
large amounts to achieve desired results, flammability, low thermal conductivity, and dripping 
out of molten PCM from the cloth. On the other hand, additional heat stress due to blocking of 
body heat, low flexibility and dustiness are the major problems in the case of aerogel.  
This thesis work looked at these problems with a prime focus of improvising the performance 
of FPC by combining aerogel and PCM together. Aerogel is a highly porous material which 
can accommodate PCM in its pores and act as the lightest possible carrier for PCM. Moreover, 
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the high flame-proofing and heat-insulating properties of aerogel can act as a shield to reduce 
the flammability risk of PCM. The porosity of aerogel will accommodate PCM and thus resolve 
the flammability and dripping issues of PCM, while the heat-absorbing capability of PCM will 
enhance the performance of FPC and reduce the extra heat stress induced by aerogel. Thus, 
this research aims mainly at the research gap where both the superior heat-insulating property 
of aerogel and heat-absorbing property of PCM are utilised in FPC for the first time. At this 
point, it may be worthwhile to quote from the most recent paper by Dr Gowen Song from Iowa 
State University [14], where he mentions this study as follows: 
Up until this point, research on thermal protective clothing systems by 
incorporating both aerogel and MPCM has been reported only once (Shaid et al., 
2016). This study proposed a new concept for a textile material that can be used 
for a thermal liner. 
In terms of the newness of the current PhD study: firstly, aerogel–eicosane microparticles as a 
coating additive to textiles have been prepared and evaluated; secondly, the combined 
application of aerogel and PCM in FPC has been demonstrated and validated; thirdly, the 
flammability risk of PCM-containing thermal liners has been reduced; fourthly, innovative use 
and benefits of currently available aerogel nonwoven in FPC has been shown; and, finally, a 
new technique has been developed to needlelessly electrospin/electrospray aerogel particles on 
textile surface. 
1.2 Aim, objectives and research questions 
Aim: To explore the technology and application potential of aerogel with PCM on textiles for 
thermal protection in high heat conditions, especially in firefighting. 
Objectives: To achieve the aim, four specific objectives had been set: 
- To analyse the combined application of aerogel and PCM in FPC 
- To develop aerogel-embedded textile for improving the performance of FPC 
- To investigate the likely benefits and hurdles of aerogel incorporation in FPC 
- To approach a resolving mechanism for addressing the hurdle of aerogel application in FPC 
Research questions: To achieve the objectives of this study, the following research questions 
were targeted: 
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1. Which types of aerogel and PCM, as reported in the literature, are the most suitable for 
thermal protection in firefighting garments? 
2. How can the heat-resistant property of aerogel be combined with the heat-absorbing property 
of PCM for better thermal performance? 
3. How can the aerogel nonwoven textiles be better used in FPC?  
4. What could be the alternative route to produce aerogel nonwoven textiles for high heat 
insulation purposes? 
1.3 Chapter outline 
Chapter 1 introduces the current study and provides an overview of the thesis. 
Chapter 2 details the background research. It is divided into three parts to cover the three main 
aspects of the research. In the first two parts, aerogel, PCM and their possible application 
methods are discussed. Then in the last part, a detailed scenario of firefighters’ garment is 
given, including its construction elements, protection requirements and comfort dimensions. 
This chapter answers research question 1. 
Chapter 3 describes the methodology and methods which were adopted to pursue this research. 
Chapter 4 discusses the development of a bench-scale instrument that was used throughout the 
research. The instrument measures the radiative heat resistance of textile fabric. The design of 
the instrument, its construction, working principles and calibration method are discussed in this 
chapter with proper drawings.  
Chapter 5 answers research question 2. It consists of three sections which describe the 
combined use of aerogel and PCM in FPC. The first section mainly focuses on the combined 
use of aerogel and PCM to enhance protection and comfort. Aerogel–PCM microparticles were 
developed and applied on fabrics for this purpose. The performance of aerogel and PCM coated 
fabric was studied. The second section of this chapter describes further development, 
optimisation and detailed investigation of the prepared aerogel–PCM microparticles as an easy-
to-apply coating additive for thermal protective clothing. Organic PCMs like eicosane are waxy 
solid substances that cannot be directly added to the coating paste without being made into 
stable particulate form. Three types of form-stable eicosane–aerogel microparticles were 
produced and their heat capacity was evaluated. The third section highlights the combined use 
of aerogel and PCM in FPC but from a different angle, which is the flame protection. This 
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section thoroughly evaluates the enhancement of the flame protection of PCM-containing 
thermal liners. Through these investigations, it is learned that the application of aerogel by a 
coating method limits the performance. The formation of a polymeric film due to coating is 
found to be a concern, as it reduces the escape of vapour. Hence, the next phase of this study 
applies aerogel to FPC through a porous medium, which is aerogel nonwoven textiles.  
Chapter 6 describes the use of aerogel nonwoven textiles as a reinforcement material in FPC. 
Currently available aerogel nonwoven is a thick, dusty material with limited flexibility. Its use 
in a complete garment may be questionable due to its bulkiness and lack of drapability. Hence, 
in this study the alternative use of aerogel nonwoven is investigated. Aerogel nonwoven is 
found to have good potential to be used as a reinforcement material against compressive load 
in the specific zone of firefighters’ garments to enhance protection. Impressive results show 
the superiority of aerogel nonwoven over existing commercial reinforcement material. The 
results are discussed in Chapter 6.  
Finally, in Chapter 7 alternative methods of producing aerogel nonwoven are demonstrated. 
As it has been found that existing aerogel nonwovens have limited flexibility, the current 
research intended to develop a comparatively more flexible aerogel nonwoven. Although 
several development routes were approached (appendix A), electrospinning method was found 
promising. Two innovative methods were developed, which shows the promising future of 
electrospun aerogel nonwovens in heat-insulating clothing. Chapter 7 demonstrates the 
formation techniques of this type of electrospun aerogel nonwoven. 
In conclusion, Chapter 8 summarises the findings and provides directions for extensive future 
research in this area. 
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CHAPTER 
TWO 
LITERATURE REVIEW 
CHAPTER OVERVIEW 
Thermal protection refers to protection in relation to heat in either cold or hot conditions. 
Clothing can be used to retain body heat (cold-weather clothing) or to release it while insulating 
from external high heat sources (hot-weather clothing). In this study, thermal protection is 
taken as protection against high heat fluxes, especially for firefighters when they fight fire. In 
firefighting, firefighters are required to be insulated from external heat sources. Firefighters’ 
clothing is made to insulate the body from conductive, convective and radiative heat transfer. 
However, due to their strenuous work, metabolic heat is generated internally and needs to 
escape. This is a complex scenario where a door needs to be opened for internal heat escape 
and at the same time it needs to be closed against incoming external high heat fluxes. All four 
channels – conductive, convective, radiative and evaporative heat transfer – play their 
respective roles in this case. Ongoing research on FPC focuses on these four channels of heat 
transfer and attempts to improve performance in one or several aspects. Development of 
ventilation in clothing for heat/moisture release can be one direction of improvement, while 
another direction can be to insulate the body from external heat or cool it down internally.  
In a high heat situation, the ventilation technique may not be preferable to facilitate the 
evaporative body-cooling mechanism, as the heat wave will flow towards the body. Hence, it 
is more desirable to insulate the body from the heat source or embed a cooling device/function 
in the fire suit to extend the time limit to complete the task at hand before crossing the safety 
limit. This can be done through material selection for FPC (less conductive), increasing the 
insulation (increasing air gap, including insulators etc.) or implanting heat absorbers.  
In the first place, smart selection of fibres for FPC is essential. This requires careful 
consideration of price, performance and comfort criteria. A fibre with lesser conductivity, a 
higher charring level and non-melting/disintegrating properties is preferable to a fibre with a 
smoother surface or higher moisture absorbency. To make FPC more protective, the level of 
insulation against convective and radiative heat transfer can be increased. Additionally, 
inclusion of heat absorber is another addition to the protection level.  
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The current study not only extensively discusses the material selection of FPC (in the literature 
review) but also shows the combination of heat insulation with heat absorption for internal 
cooling and better protection through experimental investigations (the main research sections). 
Aerogel was chosen as an insulating material and PCM as a heat absorber. Then the research 
focused on combining both materials in FPC to increase its performance. 
To fulfil the research aim, it was needed to gain in-depth understanding of FPC, aerogel, PCM, 
material suitability and application mechanisms for FPC. Hence, this literature review chapter 
is divided into three distinct parts – aerogel, PCM and FPC. To identify the scope of aerogel 
incorporation in FPC, the first part of this chapter reviews the literature on aerogel and its 
combination with traditional textiles. Then the discussion is narrowed down to the use of 
aerogel on FPC. In the second part of the literature review, detailed discussion is presented on 
PCMs, their classes and their use in thermoregulatory clothing. Then the discussion is again 
narrowed down to the use of PCM in FPC. In the third part, the structure of existing FPC, its 
components and how they function harmonically with each other; the fibre and fabric choices 
of these components and their effects on protection and comfort properties; and the protection 
and comfort requirements of FPC and their interrelationship with material selection are 
discussed. Finally, based on all three parts, the prospective combination of aerogel and PCM 
in FPC is identified. 
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PART ONE: Aerogel 
2.1 Aerogel and its application in FPC 
Aerogel was first synthesised in 1931 by Samuel Stephens Kistler [1]. Being the most 
insulating solid, aerogel has a bright prospect to be incorporated in FPC. It is a nanoporous 
material which is derived from a gel by replacing its liquid component with a gas [2]. Due to 
its extremely porous structure, aerogel is the lowest bulk density material of any known porous 
solid [3, 4]. For the same reason, aerogel is an extremely lightweight material (Fig 2.1). In fact, 
aerogel can be seven times lighter than air (when the air is sucked out from its pores) as up to 
99.8% of aerogel can be nothing but air [5]. Along with its light weight, the impressively high 
thermal insulation property, ultra-high porosity, ultralow refractive index, very low dielectric 
constant and high surface area [2, 6, 7] of aerogel make it a novel material for various 
applications.  
   
Fig 2.1: Aerogel – a super heat insulator and the lightest possible solid 
(Image courtesy [5, 8]). 
However, aerogel has some drawbacks as well. In general aerogel is a costly but extremely 
fragile dry solid material which shatters like glass when forced. Thus, monolithic aerogel is not 
suitable for direct use in clothing which requires appropriate drapability. So far, in clothing 
applications, mainly aerogel nonwoven or aerogel powder have been used, as discussed in 
Section 2.1.4.2.  
In this part, firstly a brief description is given of the basic aerogel chemistry and its classes. 
Then the reason why silicon dioxide aerogel has been chosen for current research is discussed. 
After selecting the proper aerogel, it was necessary to explore the application mechanisms. 
Hence, the methods of combining aerogel in textiles are swotted. Finally, the discussion of 
aerogel is narrowed down to review the current state of aerogel application in FPC. 
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2.1.1 Aerogel chemistry in brief 
The most common method of aerogel preparation is to extract the liquid component of a wet 
gel through supercritical drying. New processes have been developed where ambient pressure 
drying is used to avoid the costly supercritical drying method. The drying allows the liquid to 
be slowly drawn off without causing the solid matrix in the gel to collapse from capillary action 
as would happen with conventional evaporation. Gels are derived from alcogel, which is a 
gelatinous precipitate from a colloidal solution in alcohol [9]. Alcogel is an alcoholic hydrogel 
where the dispersion medium is an alcohol. Finally, the solvent is removed (by drying) from 
the alcogel to get aerogel. The core aerogel preparation chemistry can be shown as follows: 
Solution mix → solvent exchange, surface modification → Drying 
(Alcosol)            →             (Alcogel)                  →              (Aerogel) 
(a)  
(b)  
Fig 2.2: (a) General steps of aerogel synthesis [10] and (b) the basis of diversification. 
Fig 2.2 briefly shows the basic steps involve in aerogel preparation and the area of diversity in 
producing different types of aerogel. As the synthesis of aerogel is not the aim of the current 
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research, detailed discussion of aerogel synthesis and its gradual advancement to modern 
flexible aerogel has not been given in this thesis. Continuous advancement in the steps of 
alcogel preparation and the drying of alcogel makes it possible to produce aerogel in more 
convenient ways. Hence, although the first produced aerogels were brittle, hydrophilic, 
inflexible and required supercritical drying, technological advancement has made it possible to 
produce aerogel which is flexible, superhydrophobic and does not need supercritical drying. 
As a result, flexible aerogel and aerogel composites are now available. Fig 2.3 shows examples 
of flexible aerogel developed by NASA [11], Aspen’s fibre reinforced aerogel composite [12] 
and a flexible cellulose aerogel composite developed by Cai et al. [13].  
Fig 2.3: Flexible polyimide aerogel (a) and aerogel composites (b, c). 
2.1.2 Types of aerogel 
Aerogel can be prepared from many types of materials in various forms by using a wide range 
of methods. Hence, its classification is diverse, as shown in Fig 2.4. In general, aerogels can 
be brittle or flexible, hydrophilic or superhydrophobic, granular or powder or in sheet form 
depending on their preparation and modification. By considering its appearance, aerogel can 
be classified as monolith, powder and film, whereas by considering its preparation method, 
aerogel can be classified as xerogel, cryogel, aerogel etc. On the basis of structure, aerogel can 
be divided into three groups: microporous aerogel (< 2nm), mesoporous aerogel (2–50 nm) and 
mixed porous aerogel [10]. The most acceptable and widest classification of aerogel may be 
depending on the composition, as shown in Fig 2.4. Based on composition, aerogels can be 
broadly classified as single-component aerogel and multicomponent aerogel. All the metal and 
non-metal oxide aerogels, organic aerogels, carbon aerogels, chalcogenide aerogels and any 
other types of aerogel derived from one element can be put into the category of single-
component aerogel. On the other hand, multicomponent aerogels can be aerogel composites or 
the aerogels that have gradient variation in their density or composition.  
Page 12 of 210
	
	
 
Fig 2.4: Classification of aerogel based on composition (Image credit ref [10]). 
Different types of aerogels have different special features that make them useful for a specific 
field of application. Hydrophobic silica and polymer aerogels are used for water repulsion and 
oil-sorption; carbon and metal aerogels have good electrical conductivity with high surface 
areas and can be used in supercapacitors; metal aerogels show catalytic functions; and graphene 
aerogels are very lightweight. In case of aerogel application for heat insulation, silica aerogel 
is a better insulator than metallic aerogels, and carbon aerogels are better radiative heat 
insulators. Considering the favourable properties of silica aerogel and its availability, in the 
current study silica aerogel particles were selected to use in FPC.  
2.1.3. Silicon dioxide aerogel for this study 
The extremely porous structure of aerogel (Fig 2.5) makes it an exceptional material. Among 
different types of aerogel, silica (silicon dioxide) aerogel has several fascinating properties. 
Silica is non-flammable and the thermal conductivity of silica aerogel is significantly lower 
than that of most of the common insulation materials. Thus, the most significant property of 
silica aerogel is its impressive thermal insulation. With more than 90% porosity, the thermal 
conductivity of silica aerogel is lower than that of air [2] and can be as low as ~0.015 W/mK 
[6, 14]. Moreover, it has high specific surface area (~1000 m2/g), high porosity (> 90%), low 
bulk density (~0.1 g/cm3) and hydrophobicity [14-20]. Silica aerogel provides outstanding 
resistance to flame spread [21] as well. Hence, silica aerogel has a bright prospect to be used 
in fire-protective clothing to enhance protection.  
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Fig 2.5: Porosity of silica aerogel [2, 22, 23]. 
The reason for being an excellent thermal insulator is that silica aerogel can nullify all three 
methods of heat transfer. Convective heat transfer is prevented as aerogel structure does not 
permit air circulation; and conductive transfer of heat is prohibited as most of the aerogel 
structure is gaseous and gas is very low heat conductive, while the silica itself is non-
conductive. Again, aerogels can absorb infrared radiation that transfers heat to a certain extent 
(Appendix A2). Thus, silica aerogel can act as an extraordinary thermal insulator in FPC. 
2.1.4 How aerogel and textile can be incorporated 
The fragility of aerogel is a serious drawback that holds back its widespread application [24-
27] in textiles. Textiles in various forms, from fibre to fabric, are used with aerogel to reduce 
its fragility and improve its flexibility and strength. There are a number of possible ways that 
an aerogel and textile can be unified on a common structure, as shown in Fig 2.6. These 
structures can be aerogel-containing textile or textile-containing aerogel. For ease of common 
description, here these structures are generally referred to as ‘aerogelous’ textiles. Various 
possible methods of producing aerogelous textiles can be found in the scholarly literature. For 
the purpose of the current study, these existing methods are reviewed.  
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Aerogelous textiles can be of two types – aerogel-incorporated textile or textile-incorporated 
aerogel. Aerogel-incorporated textiles are the combination of aerogel in textile where aerogels 
in powder or granular form are incorporated into textile fibres, yarns or fabrics by using various 
methods. On the other hand, textile-incorporated aerogels are those combinations where 
textiles in the form of fibres, yarns or fabrics are incorporated into the aerogel structure during 
its synthesis. This same classification can also be seen from a different perspective as the use 
of textiles during aerogel synthesis or the use of already synthesised aerogel in textiles. There 
are many possible ways to combine aerogel and textile in a common platform of aerogelous 
textile. The chart shown in Fig 2.6 summarises the possible ways of how aerogelous textiles 
can be formulated. 
Fig 2.6: Possible methods of forming aerogelous textiles. 
Many of these possible methods of preparing aerogelous textiles have already been reported. 
Here a summary is given of the current literature, where aerogelous textiles are reported. 
2.1.4.1 Textile-incorporated aerogels 
Textiles are incorporated in aerogel during its synthesis stage to impart desirable properties to 
the final product, such as mechanical strength, flexibility and conductivity. Commercially 
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available flexible aerogel blankets are a textile nonwoven fabric where textiles are embedded 
in aerogel structure. Textile in any form, even fibre or yarn, can be introduced during aerogel 
synthesis. There are several methods to incorporate textiles in aerogel structure to produce such 
aerogelous textile. The following paragraphs summarise some examples to demonstrate the 
established methods of textile incorporation during aerogel synthesis. 
a) Dispersion of fibre in aerogel matrix: Fibre can be added in the sol before or after gelation 
prior to drying. Fig 2.7 presents an example of fibre addition to the aerogel precursor to form 
aerogelous textile. The available techniques are the addition of chopped fibre [28, 29] or 
nanofibre web into the sol [30] or nanofibre spun into the sol [31] or adding highly porous, 
fibrous nonwoven [32] into the aerogel precursors before turning them into aerogel. Thus, the 
fibres are embedded into the structure of the aerogel and the produced materials possess 
additional strength by the fibrous reinforcement. Varieties of natural or synthetic fibres are 
reported to have been immersed into the silica sol to prepare fibrous aerogel composites [33, 
34].  
Finlay et al. [35] added silk, hemp, bamboo, soy silk, ramie etc. in precursor solutions to 
reinforce aerogel. Cotton linter  [36], jute fibre [37] and recycled cellulose [38] have also been 
used to prepare fibrous aerogel. Cai et al. [13] reported an exceptional method of reinforcing 
aerogel with cellulose. Here silica was in situ synthesised in cellulose gel to prepare cellulose–
silica nanocomposite aerogel. Aerogel produced by this method was flexible enough to tie a 
knot (Fig 2.4).  
 
Fig 2.7: Addition of fibre during aerogel synthesis. 
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Another approach is the use of nanocellulose or bacterial cellulose [39-45]. Even aerogel with 
magnetic properties has been prepared from bacterial cellulose [46]. However, these 
composites are mainly very thin membranes and this type of aerogelous textile has so far not 
been used in FPC. They are mainly used as oil absorbers. Although recently mechanically 
tough and transparent aerogels (not a flexible composite) with good thermal-insulation 
properties have been prepared from liquid-crystalline nanocellulose [47], they are not in the 
form of flexible fibrous composites suitable for textile use. 
From inorganic origin, ceramic and glass fibres are widely used with aerogel [48]. In an early 
attempt Wang et al. [49] dispersed ceramic fibre in distilled water and then added precursors 
in the dispersion to produce monolithic aerogel. The aerogel was stronger than normal aerogel 
but was not flexible. Zhang et al. [50] doped ceramic fibres in a similar fashion and used the 
fibre as a supporting skeleton to improve the mechanical properties of aerogel. Kim et al. [51] 
immersed glass fibre into silica sol to produce a flexible aerogel–glass fibre composite. Liao et 
al. [52] also used glass fibre in silica sol to produce multilayered, ordered, fibre-reinforced 
aerogel composites. Li et al. [26] added a non-traditional fibre, sepiolite fibre, into aerogel to 
produce a sepiolite–silica aerogel composite by dispersing this fibre in the silica sol. All these 
fibrous additions effectively improved the mechanical properties of silica aerogel. 
Zhang et al. [53] showed a simplified method where polypropylene fibre was added into 
aerogel to increase the mechanical properties. They immersed the fibre in silica sol before 
gelation and stirred for few hours. Finally, when the aerogel came out, it contained a supporting 
skeleton of fibre in the aerogel structure. In a slightly different approach, Boday et al. [54] first 
dispersed the fibre (polyaniline nanofibre) in deionised water and then added it to the aerogel 
solution mixture before the gelation process started. Recently for thermal insulation purposes, 
technical fibres like aramid which are normally used in high-temperature applications, have 
also been incorporated in aerogel. From this discussion, it is obvious that aerogelous textile 
can be prepared from as early as the fibre stage of textile production through various synthesis 
methods.  
b) Addition of fabric into the sol: The second type of textiles which are being used during 
aerogel synthesis are fabrics. Although mostly nonwoven fabrics are used due to their desirable 
porous structure, both woven and nonwoven fabrics can be incorporated in aerogel. Different 
nonwoven fabrics treated with silica aerogel have been commercialised for thermal insulation 
purposes. One approach is the direct addition of nonwoven fabric into the aerogel precursor 
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solution. Such as example, Oh et al. [55] dipped PET nonwoven fabric to swell in either sol or 
silica hydrogel. Mazraeh-shahi et al. [56] also used PET nonwoven to prepare a fibrous aerogel 
composite. Feng et al. [57] impregnated PAN fibre felt into resorcinol-formaldehyde (RF) sol 
to prepare carbon fibre–reinforced carbon aerogel. Many similar studies can be found with 
other types of fibrous nonwovens. 
 
Fig 2.8: Production of aerogel nonwoven by casting sol into nonwoven. 
Another approach is to cast silica sol (Fig 2.8) into an ultraporous nonwoven batting [58]. 
ASPEN Systems Inc. is a well-known company for its aerogel and aerogel-incorporated 
products. One of its very successful products is aerogel blanket. ASPEN’s aerogel blanket is 
produced by fully soaking a fibrous matrix into an aerogel precursor solution [32]. At this stage, 
the solution is present around every fibre. Then it is supercritically dried. As a result, aerogel 
formed in a manner that it is uniformly distributed throughout the fibre matrix. Aerogel 
blankets are usually dusty due to the crushing of brittle aerogel. To overcome this problem, 
aerogel blanket has been produced by placing it as a sandwich structure between layers of 
membrane and other covering fabric. Prevolnik et al. [59] reported such a construction in 
preparing a non-dusty aerogel blanket by laminating on both sides with a breathable membrane 
and fine knitted fabric. In all these cases, the aerogel was dried supercritically. But Chandradass 
et al. [60] showed that it is possible to produce aerogel blanket in ambient temperature drying. 
Many other researchers have also reported producing aerogelous textiles in an ambient drying 
process, such as [51, 52, 56, 61, 62] to name a few. 
Not only porous nonwoven had been used in aerogel precursors, but various types of woven 
fabrics had also been investigated. In an approach by Wang et al. [63], a piece of woven carbon 
cloth was placed between two glass plates and then the precursor solution was poured and 
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sealed to produce fibre-reinforced aerogel. Schmitt et al. [64] followed the same path to 
incorporate carbon cloth into the precursor of RF aerogel to form flexible monolithic carbon 
aerogel. Qian et al. [65] prepared a supercapacitor composite based on carbon aerogel–
modified carbon fabric by firstly soaking carbon fabric in RF for 2 hours and then pressing 
between two glass slides. Many other similar literatures are available where textile fabrics were 
added in aerogel precursor solution to enhance/impart desired properties. 
c) Use of electrospun mat: Another approach of preparing aerogelous textile at the aerogel 
synthesis stage is to add electrospun mat into the silica sol instead of traditional woven, knitted 
or nonwoven fabrics. As an example, Wu et al. [30] added electrospun polyvinylidene 
difluoride (PVDF) webs into the silica sol and prepared a SiO2 aerogel composite reinforced 
with electrospun webs.  
d) Electrospinning directly into the sol: Instead of immersing an electrospun nonwoven mat 
into the aerogel solution, electrospinning can also be done directly into the aerogel precursor 
solution. Li et al. [31] made a thin, flexible aerogel film by reinforcing it with continuously 
electrospun nanofibre. In this case, firstly a thin film of precursor sol was prepared by 
casting/depositing ungelled precursor sol onto a substrate and then electrospinning was carried 
out onto that cast sol film. Thus, the nanofibre was incorporated into the film when the gelation 
was done. Finally, it was dried supercritically to form a flexible aerogel film.  
However, the idea of forming a thin aerogel film is not new. In 1995 Hrubesh and Poco [66] 
made a thin film by the dip-coating method. A Pyrex glass slide was simply dipped into the 
prepared precursor solution, then withdrawn and placed vertically in a holder within an 
enclosure. After few minutes when the gel film was formed, the entire holder containing the 
slides was immersed in a beaker for solvent exchange until ready for supercritical drying. 
Grader et al. [67] followed the same process of dip coating. However, according to Li et al. 
[31], this type of thin film has inherent fragility. Hence, they used a different process where 
firstly the fragility was reduced by reinforcing the mesoporous structure of aerogel with 
electrospun nanofibre and then using a crosslinking oligomer. The produced aerogel film was 
flexible without altering its thermal conductivity due to the addition of nanofibre. These types 
of flexible aerogels have very good prospects to be used in thermal insulation fields. 
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2.1.4.2 Aerogel-incorporated textiles 
Unlike the first type as discussed in the previous section, this second type of aerogelous textile 
is made by a process where both aerogel and textile are pre-produced, but combined together 
later using various methods. A brief summary of the reported methods to combine aerogel and 
textile in a common structure of aerogelous textile is presented in this section. 
a) Padding of nonwovens: One traditional method of applying particulate materials on textile 
is the padding method. In the padding method, the particles are first dispersed with a suitable 
liquor and then the textile material is padded through the liquor to fix the particle into the textile 
structure. In the same way, aerogel particles can also be applied on textile. Jin et al. [68, 69] 
followed this method where they padded nonwoven fabrics with D50 nanogel with a particle 
size of 7–11 µm. The fabric was dried firstly at room temperature for 12 h and then under 
vacuum at 60 °C for another 12 h. At last the treated fabric was laminated with 
polytetrafluoroethylene (PTFE) membrane on both sides to prevent dusting. No data is 
available regarding the flexibility of such aerogel nonwovens or their aerogel add-on 
percentages in comparison to the weight of nonwovens and the relation of the aerogel 
percentage to thermal performance. However, this application method is quite simple and does 
not require any sophisticated instruments. 
b) Thermal bonding in nonwovens: The second approach is to trap aerogel particles inside 
the fibre network of nonwoven fabrics by using heat. The heat melts the adhesive (a part of the 
fibre in nonwovens, or adhesive powder), which glues the aerogel particles to fix them in the 
nonwoven structure. Hoechest’s patent [70] for manufacturing aerogel composite is an example 
of thermal bonding. Frank et al. [70] described how they prepared a fibre web/aerogel 
composite by trapping aerogel granules between layers of fibre web. First a base layer of fibre 
web comprising a combination of Trevira (polyester) and PES/co-PES bi-component fibres (a 
low and high melting point combination, as the low-melting part acts as a resin to hold together 
the whole assembly of aerogel granules and fibre web) was laid. Then granular hydrophobic 
aerogel particles (size 1 to 2 mm in diameter) were sprinkled in. After this, another fibre web 
layer was laid. Finally, this web composite was thermally consolidated at a temperature of 
160 °C for 5 min and compressed to the desired thickness. The nonwoven mat thus formed was 
readily bendable, compressible and, more interestingly, there were no shed aerogel granules 
even after bending. The bi-component fibre had higher and lower melting regions. So, when 
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heated to a temperature above the melting point of the lower melting polymer, the fibres in the 
web bonded with each other and also with the aerogel particles.  
In a more recent study, Xiong et al. [71] used a similar technique to prepare aerogelous textile 
from nonwoven. In this study, aerogel granules were thermally bonded between a layer of 
needle-punched nonwoven and an electrospun nonwoven mat with the help of a low-melting 
powder as adhesive. Once again, these studies do not present any data regarding bending tests 
of these nonwovens. The rigidity of the molten material (fibre or powder) would surely increase 
the stiffness of the composite material. Hence, it would be helpful to know the flexural rigidity 
of such aerogel nonwovens in relation to their bonding strength. 
c) Aerogel dispersion: Gore Enterprise prepared an aerogel composite by making a dispersion 
and patented the process [72]. The inventor, Lehmann et al., firstly dispersed aerogel in 
isopropyl alcohol and distilled water (4.4%wt nanogel in 100 parts solvent containing 50 parts 
isopropyl alcohol and 50 parts distilled water). Then 5%wt PTFE aqueous dispersion (23%wt 
from DuPont) was poured into the mixture. The mixture was self-coagulating. The coagulum 
was collected, dried and compressed to the desired thickness to make an aerogel/PTFE 
composite. Gore also manufactured an aerogel membrane by adding aerogel particles in PTFE 
dispersion or resin. The resin containing aerogel particles was dried to the desired shape and 
stretched to expand up to 550% to form a porous tape, as in Gore membrane. No further 
literature has been found regarding the thermal application of these materials.  
d) Aerogel addition in dope: Another approach is to blend aerogel granules or dust into the 
polymer matrix before final processing as filament or casting into film. Sethupathy et al. [73] 
used SiO2 nanoparticles with PVDF dissolved in DMF (N,N-dimethylformamide) to produce 
a PVDF–SiO2 composite nanofibre membrane. Although aerogel particles are not effective on 
a nanoscale, aerogel particles having a particle size of 1–20µm [74, 75] are commercially 
available. These dusty particles can be added into the dope before spinning of synthetic 
filaments of textile fibres or solvent casting [76] of thin film. As an example, Chang et al. [77] 
prepared an aerogel–polyurethane composite by blending silica aerogel granules with 
polyurethane to improve the thermal insulation property by a solvent casting method at 180 °C 
under 0.1 MPa for 30 mins. Hence, this method of particle addition in polymer solution can 
also be used to prepare textile for thermal protection. 
e) Pressing: Yuan et al. [78] reported a silica aerogel–glass fibre composite fabricated by a 
press-forming method. Glass fibre (3 mm long) was dispersed into aerogel powder (8–20 nm) 
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and then pressed into disks. The produced composite was not claimed to be flexible. Hence, 
the pressing method may not be suitable in thermal protective clothing applications. 
f) Mechanical entrapping in fabric void: Hydrospace™ fabric developed by the University 
of Leeds [79] is an example of such an aerogelous textile. Voids were created within the cross-
section of hydroentangled nonwoven fabric and these voids were filled with loose aerogel 
granules. However, details of the production are not given in the report. The thermal analysis 
of such an aerogel nonwoven revealed a lower surface temperature than that of a similar fabric 
where the voids were filled with air. So, the Hydrospace fabric may be a very good material 
for thermal insulation in FPC. 
g) Laser engraving of aerogel: The laser engraving method of adding aerogel into fabric 
structure is the latest technology in this domain. Here a nonwoven fabric was laser engraved to 
contain aerogel particles [80, 81]. Initially a high loft nonwoven fabric was perforated, then 
aerogel particles were filled in the holes and another layer of fabric was laminated as a covering 
layer to hold the aerogel particles in place. Then the performance of the produced aerogel 
nonwoven was analysed against a similar nonwoven with air pockets. It was observed that the 
aerogel nonwoven lowered the fabric surface temperature more than the air-pocket nonwoven. 
The thickness of this type of nonwoven may be a concern in relation to its application in 
clothing material like FPC. The thickness of this laser engraved aerogel nonwoven was around 
12 mm, whereas the thickness of regular nonwoven batting in FPC is around 0.3 mm only. It 
may be interesting to analyse the performance of regular nonwoven batting at 12 mm thickness 
in comparison to the laser-engraved aerogel nonwoven.  
2.1.5 Aerogel in FPC 
Aerogelous textile has a bright prospect to be used in heat-insulating clothing. Application of 
aerogel in cold-weather outdoor gear  is well known and commercial products like sleeping 
bags, shoe soles, jackets etc. are commonly available on the market, as shown in Fig 2.9.  
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Fig 2.9: Examples of established applications of aerogel (from top left): in cryogenic temperatures of 
space; extreme weather clothing; industrial cryogenic application, ‘Toasty Feet’ insole; ‘Heli aero’ 
jacket; ‘45north sturmfist’ bicycling gloves; aerogel ‘Thermablok’ strip in building insulation; 
CamelBak’s aerogel insulated water bottle; ‘Dunlop Aerogel’ tennis racquet, ‘Toundra pro CSWP’ 
shoe and ‘Heli aero’ pant. [82-85] 
However, the application of aerogelous textiles in FPC is comparatively a new area and still in 
the development stage. Some studies in this regard are [68, 69, 72, 86-90]. Jin et al. [68, 69] 
padded nonwoven fabrics with aerogel particles and used them in thermal liners. 5% aerogel 
particles were dispersed in acetone and then padded on nonwoven fabric for a thermal barrier 
in FPC. Treated fabrics were naturally dried at room temperature for 12 h and then dried in a 
vacuum oven for a further 12 h at 60 °C. Finally, the aerogel-treated nonwovens were laminated 
on both sides with a 25 µm thick PTFE membrane. Prototype FPC using aerogel-treated 
specimens was prepared and tested in flashfire conditions. It was found that aerogel-treated 
FPC exhibited a higher thermal protection performance (TPP) rating than current FPC.  
In another study reported by Chakraborty et al. [86], a fibre-reinforced silica aerogel blanket 
was prepared and the thermal protection of the material at extreme heat exposure was tested. 
A silica-based gel was formed on needle-punched Nomex fibrous nonwoven fabric and then 
transformed into aerogel through drying. This aerogel nonwoven was used as the middle layer 
of a multilayer combination where the outer layer was 100% Nomex IIIA woven fabric and the 
inner layer was a 60/40 blend of modacrylic/cotton fabric. This multilayer combination was 
exposed to radiant heat of 35 kW/m2 and the time required to cross the Stoll’s curve (to simulate 
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burn injury) was recorded. The aerogel blankets showed 58% more time in estimated burn 
injury in comparison to the ordinary non-aerogel blankets.  
Qi et al. [88] also used aerogel in FPC and analysed the TPP. In the combination of control 
fabric, Nomex IIIA was used as the outer layer, PTFE membrane as the moisture barrier, 3 mm 
meta-aramid needle-punched fabric as the thermal barrier and flame-retardant (FR) cotton was 
used as the inner layer; whereas in the aerogel combination the 2.5 mm thickness of the thermal 
barrier was replaced with aerogel nonwoven and the remaining 0.5 mm of the thickness was 
meta-aramid needle-punched fabric. When both combinations were exposed to a source of 
radiant heat to measure TPP, it was found that the temperature on the back surface of the 
aerogel-containing sample was 100 °C lower than that of the back surface of the control fabric 
at similar heat exposure. But this study did not report the details of the aerogel specimen used 
or the flexibility of the fabric combination. From the available products, it can be assumed that 
this was a 2.5 mm thick aerogel nonwoven blanket, which is available on the market from 
Cabot Corporation as ‘Thermal wrap’. Again, to obtain such a large temperature difference of 
100 °C, it may require using the monolithic aerogel tiles which have extreme heat insulation. 
In this case, the combination could provide this large temperature gap, but will lose the 
flexibility of the material.  
Recently Zhang et al. [89] investigated the application of aerogel in FPC using commercial 
aerogel blankets made from glass fibre. The aerogel blankets were used in various 
combinations such as replacement of traditional thermal liners and use of traditional thermal 
liners with and without PCM layers. The outer-layer fabric, moisture barrier and innermost 
facing cloth was same for all combinations. Samples were exposed to a radiant heat source of 
15 kW/m2. The study found that the predicted second-degree burn time increased by 90% upon 
inclusion of aerogel and PCM layers with thermal liner in FPC compared to samples containing 
only a traditional thermal liner. 
Huang and Guo [90] used silica aerogel felt in FPC and analysed the thermal protection 
performance under wood crib fire conditions. In the control fabric, the outer layer was aramid 
woven fabric, the moisture barrier was PTFE film–coated aramid fabric, the thermal liner was 
made of aramid insulation felt and the innermost layer was FR cotton fabric. Aerogel felt was 
used as a replacement for the thermal liner in other samples in various thicknesses. Then a 
modified method of ISO9705 (a full-scale room fire test for surface products) was used to 
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determine the performance of all samples. The study found better thermal performance with 
the aerogel-embedded samples with a maximum temperature difference of 20 °C. 
From the above studies, it is clear that aerogel has a very good prospect to be used in FPC. 
Aerogel nonwovens offer a porous structure that enhances insulation and promotes 
breathability. They are commercially available and can also be prepared in the laboratory. It is 
worthwhile to investigate various other aerogel application methods in FPC. This study aims 
to explores such possibilities, specially the coating methods for aerogel application, as aerogel-
coated fabric has a better chance than currently available aerogel nonwoven to be more flexible, 
non-dusty and thinner. 
2.1.6 Summary of part one 
After a basic discussion of aerogel chemistry, literature has been reviewed to categorise 
different types of aerogel, their properties and selection of a suitable aerogel. Silica aerogel has 
been found to have favourable properties for use in FPC. All available methods of applying 
aerogel to textiles have been reviewed. Up-to-date investigations of aerogel application for 
FPC have been discussed. From the available literature, it is concluded that aerogel has very 
good prospect to be utilised in FPC to enhance performance. Though several studies addressed 
the use of aerogel in thermal protection, but there are numerous possibilities to use this 
extraordinary material in this field.  Hence, this study attempted to explore several potential 
dimensions of using aerogel in thermal protective clothing, specially in FPC, as the protection 
and/or comfort properties can be enhanced.  
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PART TWO: PCM 
2.2 PCM and its application in FPC 
PCM is a latent-heat storage material that absorbs and releases heat at a nearly constant 
temperature. One of the main attributes of PCM is that it possesses reasonable amount of latent 
heat to prevent temperature rise over a desired period of time. In textiles, PCMs are used either 
to retain body heat so as to keep the body warm or to absorb incoming high heat fluxes so as 
to cool down the body. The most direct and conventional use of the heat-storage capability of 
PCM can be found in cold-weather outdoor gear where PCM absorbs and stores body heat and 
releases it when required. PCM can also be used as a passive method of heat protection [91-
93]. In this case, the PCM absorbs the external incoming high heat fluxes to protect the body 
to a certain extent. In this part of the chapter, firstly general heat-storage principles are 
discussed, then PCMs are classified. Methods of PCM application on textile substrates are 
discussed and finally the discussion is narrowed down to the application of PCM in FPC. 
2.2.1 Mechanism of heat gain/loss 
When any material continues to absorb heat, this gain of heat energy may be sensed in the 
temperature rise of that material or may not be sensed if the temperature of the material does 
not increase. In both cases, the material absorbs the energy. In the first instance, when the 
temperature increases with the absorption of heat, this heat is termed as ‘sensible heat’, whereas 
when it cannot be sensed in a temperature rise, it is termed as ‘latent heat’. During the period 
of absorption of latent heat, the material changes its phase to a lower density form and 
distributes the absorbed energy to increase the movement of its molecules. The opposite 
scenario applies when a substance loses heat energy. In the phases of ‘solid to liquid’ and 
‘liquid to gas’, a material needs to gain/absorb energy to increase the movement of its 
molecules and decrease density; whereas it needs to lose energy to increase density and reduce 
movement of molecules in changing from ‘gas to liquid’ and ‘liquid to solid’, as shown in Fig 
2.10.  
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Fig 2.10: Energy gain/loss, molecular movement and density change steps of a PCM. 
In the case of sensible heat, thermal energy is stored by changing the temperature, while for 
latent-heat storage, thermal energy is stored by changing the phase. As sensible heat storage is 
effected by raising the temperature, it is desirable for the storage medium to have high specific 
heat capacity along with long-term stability under thermal cycling, low cost and compatibility 
with its containment [94]. To illustrate thermal capacity with physical attributes, the thermal 
properties of two sensible and two latent-heat storage materials are shown in Table 2.1. 
Table 2.1: Comparison of sensible and latent-heat storage media to store energy of 106 kJ [94]. 
Property Sensible heat storage Latent heat storage / PCM 
Rock Water Organic Inorganic 
Storage mass for storing 106 kJ (kg) 67000 16000 5300 4350 
Relative mass 15 4 1.25 1 
Required volume (m3) 30 16 6.6 2.7 
Relative volume 11 6 2.5 1 
Note: Relative mass and volume are based on inorganic PCM. 
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Sensible heat storage methods are heavy and bulky in utilisation and not popular nowadays 
[95]. Latent-heat storage materials are drawing more concern due to their ability to provide a 
large amount of thermal storage in a narrow phase-transition temperature in a small volume.  
PCMs are substance that store latent heat. PCMs can store 5–14 times more heat per volume 
than sensible-heat storage materials [96]. The capacity of a latent-heat storage material is 
governed by the Equation 2.1 [96]: 
Q = m [Csp (Tm - Ti) + amDhm + Clp (Tf - Tm)] …. Eq. 2.1 
where: Q is the quantity of heat stored in kJ, m is the mass of heat storage material in kg, am is 
the fraction melted, Dhm is the heat of fusion (kJ/kg), Csp is the average specific heat between 
Ti and Tm in kJ/kg K, Clp is the average specific heat between Tm and Tf in kJ/kg K, Ti is the 
initial temperature in ºC and Tf is the final temperature in ºC. Thus, the amount of energy a 
PCM material can absorb or release will depend on its quantity and the specific heat.  
2.2.2 Types of PCM 
Including both natural and synthetic types, there are more than 500 types of PCMs [97-99]. A 
broad classification of PCMs is shown in Fig 2.11. Among all type of PCMs, those based on 
liquid–gas and solid–gas processes are less the focus of interest due to their large changes in 
volume and pressure during phase change. Solid–liquid PCMs are of more interest. In solid–
liquid PCMs, most of the inorganic solid–liquid PCMs are known to be corrosive, incompatible 
with certain materials, prone to experience supercooling and to segregate during phase 
transition under thermal cycling. Inorganic PCMs can be salt hydrates, nitrates or metallic 
(Table 2.3). They are more suitable for higher temperatures. Although these PCMs are superior 
for their high heat of fusion, low cost and easy availability, their obvious drawbacks made them 
unsuitable for textile applications. Thermal properties of various types of PCMs are shown in 
Table 2.2 to Table 2.6. 
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Fig 2.11: Types of PCM [100]. 
Table 2.2: Thermal properties of some solid–
solid PCMs [101, 102]. 
Compound Transition 
temp (ºC) 
∆H 
(kJ/kg) 
Pentaerythritol 187-188 269-289 
Pentaglycerine 81-89 139-193 
Neopentyl 
glycol 
40-48 110-131 
Aminoglycol 78 233.6 
Trimethylol 
ethane 
81 193 
 
Table 2.3: Thermal properties of some inorganic 
PCMs [103]. 
Material Melting 
temperature (ºC) 
∆Hfus 
(kJ/kg) 
NaNO3 306 182 
KOH 380 149.7 
FeCl2 677 337.9 
LiCl 610 441 
CaF2 1418 391 
NaCl 802 482 
BaCl2 961 76 
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Table 2.4: Thermal properties of some eutectic PCMs 
[96]. 
Materials Composition 
(wt%) 
Melting 
point 
(ºC) 
∆H 
(kJ/kg) 
CaCl2.6H2O + 
CaBr2.6H2O 
45 + 55 14.7 140 
CH3CONH2 + 
NH2CONH2 
50 +50 27 163 
CH3COONa.3H2O 
+ NH2CONH2 
40 + 60 30 200.5 
NH2CONH2 + 
NH4NO3 
53 + 47 46 95 
Mg(NO3)3.6H2O 
+NH4.NO3 
61.5 + 38.5 52 125.5 
NH2CONH2 + 
NH4Br 
66.6 + 33.4 76 151 
LiNO3 + 
NH4NO3 
+NaNO3 
25 + 65 +10 80.5 113 
 
Table 2.5: Thermal properties of some 
non-paraffin organic PCMs [96, 103]. 
Materials Melting 
point (ºC) 
∆H 
(kJ/kg) 
Acetic acid 16.7 187 
Glycerine 17.9 198.7 
Methyl 
eicosanate 
45 230 
Bee wax 61.8 177 
Acetamide 81 241 
O-
mannitol 
166 294 
Phenol 41 120 
Mythyl 
palmitate 
29 205 
 
 
Table 2.6: Thermal properties of some paraffin waxes as PCMs [96, 101, 104]. 
Paraffin wax Molecular 
formula 
Molar 
mass 
(g/mol) 
Melting 
point (ºC) 
Crystallization 
point (ºC) 
∆H 
(kJ/kg) 
n-Dodecane CH3(CH2)10CH3 170.3 -10 -16 216 
n-Tridecane CH3(CH2)11CH3 184.4 -5 -9 160 
n-Tetradecane CH3(CH2)12CH3 198 5-6 0 228 
n-Pentadecane CH3(CH2)13CH3 212 10 5 205 
n-Hexadecane CH3(CH2)14CH3 226 18.5 16.2 237.1 
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n-Heptadecane CH3(CH2)15CH3 240 22.5 21.5 213 
n-Octadecane CH3(CH2)16CH3 254 28.2 25.4 244 
n-Nonadecane CH3(CH2)17CH3 268 32.1 26.4 222 
n-Eicosane CH3(CH2)18CH3 282 36-37 31 246 
n-Heneicosane CH3(CH2)19CH3 296 39-41 32 200 
n-Docosane CH3(CH2)20CH3 310 42-45 43 249 
n-Tricosane CH3(CH2)21CH3 324 48.9 51 232 
n-Tetracosane CH3(CH2)22CH3 338 50-51 48-49 255 
n-Pentacosane CH3(CH2)23CH3 352 54 47 238 
n-Hexacosane CH3(CH2)24CH3 366 56 53-54 256 
n-Heptacosane CH3(CH2)25CH3 380 59 53 253 
n-Octacosane CH3(CH2)26CH3 394 61 54 240 
 
Eutectic PCMs (Table 2.4) are mixture of two or more compounds at specific percentages of 
composition. Each of the component melts and freezes congruently and forms a mixture of the 
component crystals during crystallisation without any segregation because they freeze to a 
intimate mixture of crystals which leave little chance for the components to separate [96]. 
Eutectic mixtures of fatty acids can be tailored with almost any desirable melting point to suit 
the requirements [105] of application. Solid–liquid organic PCMs are the ones commonly 
found in various application fields. Again, among various types of solid–liquid PCMs, organic 
paraffin waxes are of more interest in textile applications due to their favourable properties like 
non-supercooling, cycle repeatability, high heat capacity, wide temperature range, 
compatibility, non-toxicity, easy availability and low cost. 
2.2.3 Selection criteria of a suitable PCM 
The requirements of an ideal PCM are physical, chemical and economic. Physical requirements 
include suitable phase-transition temperature, large specific heat capacity, good thermal 
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conductivity, large change in enthalpy and minimal supercooling [106, 107]. High latent heat 
ensures that lesser amounts of material can store sufficient energy. The volume changes during 
phase transition also should be minimal so a simple containment and heat-exchange geometry 
can be used. Chemical characteristics required for a good PCM are low vapour pressure, 
minimal volume change, non-toxicity, chemical stability, non-explosivity and compatibility 
with other chemicals [108]. From an economic perspective, it is desirable that the selected 
PCM is available abundantly at low price. PCMs also need to be non-flammable for textile 
applications [109]. Congruent melting is another desirable property that ensures complete 
melting of the material so that the liquid and solid phases are identical in composition. If the 
material does not melt completely, the difference in densities between solid and liquid causes 
segregation, which results in changes in the chemical composition of the material [108]. 
However, it is practically not feasible to find a single PCM with all these desirable qualities. 
Hence, the selection of PCM should be made to have as many of the favourable properties as 
possible. 
In this thesis work, comfort and protection are the objectives in selecting a PCM. Comfort and 
protection in FPC are discussed in detail in Part 3 of this chapter. Referring to that section, here 
it can be briefly outlined that a temperature range between 33 to 37 ºC is essential for ensuring 
comfort for firefighters, while a temperature range below 52 ºC is essential for protection 
against irreversible second-degree burn. Thus, eicosane has been found to have favourable 
properties for comfort enhancement in FPC as it has a phase-transition range between 31 to 
37 ºC, high heat capacity, good compatibility and low cost.  
2.2.4 Incorporation of PCM in textiles 
Use of PCMs in textiles has been studied extensively in clothing as a means of body-heat 
regulation for enhancing comfort [109-117]. Numerous methods are reported where either pure 
PCM or microencapsulated PCM (mPCM) is applied on textile substrates at a certain stage of 
manufacturing, ranging from as early a stage as fibre formation to finished garments [111, 114-
116]. However, according to Alay et al. [118] there are four general methods to integrate PCM 
in textiles: firstly by filling a hollow fibre with PCM [119-121]; secondly by adding PCM 
during fibre spinning [109, 117, 122]; thirdly by coating PCM on textiles with the help of a 
crosslinking agent [123-125]; and fourthly by laminating. In lamination, the PCM is first 
incorporated in a thin film and the film is then laminated onto the textile surface [109]. As per 
our finding, the earliest attempt to prepare a phase-change fibre is the reference [120, 121], 
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where Vigo and Frost immersed hollow fibre in PCM solution (inorganic salt solution). Zhang 
et al. incorporated mPCM in fibre by melt spinning [126] and wet spinning [127] methods. 
However, fibre filled with PCM does not contain sufficient PCM to be practically useful in 
heating or cooling [128]. 
Application of PCM by coating methods has been studied extensively. Kwon et al. [129] dip-
coated nylon fabric with polyurethane–urea microcapsulated PCMs by using a waterborne 
binder at room temperature for 1 h. Buhler et al. [91] prepared flexible blister foils containing 
different PCMs and compared their performance. Choi et al. [115] coated octadecane on 
polyester fabric by using an acrylic binder, while Shin et al. [130] padded fabric samples in an 
aqueous solution of mPCM containing a polyurethane binder (Snotex P11). Sanchez et al. [93] 
observed a thermoregulating effect when they coated mPCM on textiles. However, coating 
mPCM is sometimes troublesome as they are difficult to wet. In a US patent, Zuckerman et al. 
[131] described in detail a suitable method to overcome this problem and to make a coating 
formulation with mPCM dry powder. In this method, the mPCMs are wetted in a mixture of 
water, surfactant, dispersant and antifoaming agent prior to their addition to the binder polymer 
mixture. Thus it is possible to minimise the tendency to destabilise the binder polymer by using 
mPCM in a coating paste. 
PCMs can also be incorporated with foam and applied on fabric [132]. Rossi et al. [92] 
integrated PCM into a foam and coated this on a liner of firefighting gear. Shim et al. [133] 
cast a foam emulsion containing 60% mPCM directly onto a base fabric and cured it.  
A more recent approach to PCM application to textiles is electrospinning. In 2006, McCann et 
al. [134][135] developed nanofibres consisting of PCM for the first time [135] by melt coaxial 
electrospinning. To insert a non-polar paraffin into the filament to be encapsulated, a fine 
capillary supported by an extra syringe pump was inserted into the main metallic needle. The 
non-polar material went inside the polar polymer and was electrospun as the core. However, 
this method requires a special arrangement different to the normal electrospinning setup. In a 
simpler method, Chen et al. [135-138] electrospun PCM containing fibre by mixing PCM 
solution with a solution of fibre polymer. An alternative way of applying PCM in nanofibres 
is the use of electrospun mats. These fibrous mats are extremely porous and capable of retaining 
a high volume of PCM. Cai et al. [139] described a simple technique to prepare electrospun 
mats loaded with PCM. Firstly, commercially available PAN fibre was purchased, washed in 
acetone to remove oil, dissolved in DMF and electrospun into nonwoven mat. In a beaker, 
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PCM was melted and then the prepared nonwoven mat was immersed in the molten PCM for 
10 h. Finally, it was hung to dry. The resultant composite material was capable of retaining its 
overall shape even in the molten stage of incorporated PCM.  
2.2.5 Application of PCM in FPC 
The previous section discussed the available methods for incorporating PCM in textile 
structure. There are diversified applications for such incorporation. Application in fire-
protective clothing is one of these. In this section, literature is reviewed to discuss the existing 
techniques of PCM application in FPC.  
The concept of using PCM for firefighting clothing is not new. mPCM can be used in FPC to 
attain a certain degree of comfort by absorbing body heat during action. Gao et al. [140, 141] 
investigated the effect of PCM on the ergonomics of firefighters by introducing a cooling vest 
containing pockets of PCM. McCarthy and Marzo [99] incorporated PCM in FPC by sewing 
three different encapsulated PCM between the batting and face cloth of the thermal liner. They 
identified that incorporation of PCM with the face cloth of thermal liner can enhance the 
thermal performance equivalent to six additional layers of batting [99]. Rossi and Bolli  [92] 
integrated mPCM into foam and then coated it on a liner. To achieve higher vapour 
permeability, they applied the foam in the form of blisters or small bubbles around 3 mm in 
diameter and at a distance of 1 mm between them. Buhler et al. [91] also used the same 
application process to coat several non-flammable inorganic PCMs. Cardoso et al. [142] 
showed that a conjugation of microcapsule protection and nonwoven flame retardant finishing 
is appropriate to achieve flame retardant standard of a nonwoven lining inside FPC with PCM. 
There are some other studies available where mathematical models showed the good prospect 
of PCM incorporation in FPC [143-146]. 
2.2.6 Summary of Part two 
After general discussion of heat-storage material, this section has reviewed the literature 
regarding the application of PCM for clothing purposes, especially for thermal-protective 
clothing. Then up-to-date investigations on the application of PCM in FPC have been reviewed 
to explore the possibilities for new development. First, the energy-storage mechanism of PCMs 
is discussed and different types of PCMs are shown. Comparison is drawn among these 
varieties on the basis of their thermal properties and other physiochemical advantages and 
Page 34 of 210
	
	
disadvantages. A paraffin-based PCM, eicosane, has been found to have favourable properties 
to enhance the comfort of FPC. The available methods of applying PCM on textile materials 
have then been reviewed. It is found that PCM can be incorporated into textiles from the very 
beginning of the textile-manufacturing process. PCM can be filled inside hollow filaments or 
can even be mixed with fibre polymer before their extrusion as textile filament. It can also be 
applied on traditional textile fabric through coating or lamination processes. To apply PCM on 
fabric, it is required to be form stabilised (as mPCM). There are many methods to apply form-
stabilised mPCM on textile fabric, such as fixing PCM pockets in clothing by sewing or by 
coating with binder polymer or foam. Forming blisters of PCM on fabric surfaces and 
laminating PCM-containing film on fabrics are also practised. Recently PCMs have also been 
applied on fabric through more advanced techniques like electrospinning. In the case of PCM 
application in FPC, PCMs are applied either mechanically by entrapping mPCM inside the 
clothing or by use of resin material. In this part of literature review, a knowledge base has been 
built to apply PCM in FPC. 
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PART THREE: FPC 
2.3 Firefighters’ protective clothing 
Safety can be defined as “Freedom from unacceptable risk of harm” [147]. FPC is part of the 
safety outfit of firefighters on duty to protect them from dangers associated with heat, flame, 
hot and toxic liquid contact, abrasion, cuts, etc. No clothing material can withstand continuous 
exposure to flame or provide comfort for an infinite time in hot environments. Hence, FPC 
does not necessarily mean the fabric is completely resistant to fire and heat. FPC is designed 
to save firefighters from excessive heat and flashfire conditions by allowing them a time gap 
for a rescue mission, fighting fire or withdrawing from direct flame contact. As mentioned in 
Chapter 1, material selection for FPC is crucial in attaining the desired protective performance. 
This part of the literature review primarily discusses the available materials to select for FPC. 
Fibres and fabrics used in FPC are mentioned; the protection requirements and comfort aspects 
are discussed; and, lastly, the prospective incorporation of aerogel–PCM in FPC are described. 
2.3.1 Textiles for FPC 
The complete ensemble of FPC includes overcoat, trousers, hood and gloves. Other non-
clothing assemblies may include self contained breathing apparatus (SCBA), hand tools, boots, 
ropes etc. The total additional mass of such ensembles can be around 26 kg, of which most of 
the weight is contributed by the SCBA (7 to 15 kg) alone [148-150]. FPC is normally a three-
layer clothing assembly consisting of an outer layer, a moisture barrier and a thermal liner, 
where each of the layer fulfils some specific requirements. Although the thermal insulation and 
vapour permeability are two very important factors for FPC, in fact it is their ratio, that is, the 
permeability index/clothing insulation, that dictates the performance of any FPC [151, 152]. 
The permeability index and clothing insulation are the most critical characteristics of various 
materials in FPC. Hence, to work on the performance of FPC, in-depth understanding of its 
materials (fibre, fabric, membrane etc.) is crucial. 
FPC fabrics are required not only to ensure that the clothing does not become a means of 
secondary ignition and spreading of fire, causing injury, but also to provide a certain degree of 
comfort from hot and humid situations both externally and internally, while still maintaining 
acceptable working efficiency through easy and quick movement. The National Institute of 
Standards and Technology (NIST) in the US Department of Commerce has tabulated several 
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physical and thermal properties of few FPC, as shown in Table 2.7, which provides a 
comprehensive view of FPC in respect of its bulkiness and protection expectations. 
Table 2.7: Physicothermal properties of typical fabrics used in FPC [153-155]. 
Properties 
 
          Fabric sample 
Outer shell Moisture barrier Thermal 
liner 
A B C D E F G 
Thickness (mm) 1.32 0.82 0.8 1.22 1.12 0.52 3.59 
Density (kg/m3) 519 317 322 121 179 317 74 
Thermal 
conductivity 
(W/m-k) 
20°C 0.0823 0.0483 0.0484 0.0340 0.0370 0.0352 0.0353 
48°C 0.1020 0.0628 0.0697 0.0427 0.0433 0.0425 0.0445 
55°C 0.1017 0.0679 0.0730 0.0441 0.0461 0.0479 0.0462 
72°C 01081 0.0715 0.0838 0.0494 0.0476 0.0491 0.0494 
Specific heat capacity 
(J/g.°C) 
1.62 1.75 1.24 2.28 2.07 1.24 1.75 
Reflectance Front 0.223 0.215 0.219 0.437 0.113 0.268 0.236 
Back 0.304 0.294 0.277 0.288 
Absorptance Front 0.673 0.637 0.661 0.439 0.759 0.545 0.643 
Back 0.571 0.575 0.540 0.591 
Transmittance Front 0.718 0.708 0.713 0.672 0.732 0.719 0.714 
Back 0.690 0.679 0.693 0.688 
Here, reflectance and absorptance is weighted with blackbody function at typical flame temperatures 
of ~1127ºC and transmittance is weighted with material temperature of ~77 ºC. The fabric codes are: 
A= 100% cotton fabric, B= 93/5/2 blend of meta-aramid/para-aramid/antistatic fabric, C= 40/60 blend 
of PBI/PPA; D=non-crosslinked polyurethane membrane laminated to polyaramid woven fabric, E= 
crosslinked polyurethane membrane laminated to polyaramid woven fabric, F= Microporous ePTFE 
membrane laminated to polyaramid woven fabric, G= Poly aramid batting quilted with 100% meta-
aramid woven fabric.  
2.3.1.1 Fibres for FPC 
As stated above, FPC is a multilayer assembly composed of various types of woven and 
nonwoven fabrics. Conventional fibres such as cotton, wool, viscose etc and high-performance 
fibres such as aramid, polybenzimidazole (PBI®), polybenzoxazole (PBO) etc are used in FPC. 
Each type of fibre has its own advantages and disadvantages. One fibre may be effective in 
protecting from heat but may not be comfortable enough to wear; another may be comfortable 
but very expensive. Yet again, balance between the protection and comfort properties 
themselves is also essential. In relation to protective concerns, one particular fibre may possess 
high tensile strength but lack heat resistance, while another may have exceptionally good heat 
resistance but lack strength. From the comfort perspective, one fibre may have  good feel with 
smooth and soft handling but lacks moisture absorption, while another may have good 
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moisture-absorption properties but lacks of pleasant handling. The thermal performance of 
some high-performance fibres in relation to their physical strength and weight is shown in Fig 
2.12. As can be seen from the figure, PBI fibre has very good thermal property in comparison 
to Novoloid fibre, whereas Novoloid fibre has significantly higher strength than PBI. Thus, the 
choice of fibre or fibre blend for FPC is a challenging task and requires deep understanding of 
the requirements of fibre properties. 
 
Fig 2.12: Flame resistance vs fabric weight and strength. 
Desired performance for FPC often needs to be compromised with cost, availability and 
processing limitations. To simplify the discussion, the fibre choices for FPC can be summarised 
in two general groups. 
Group-A: These are high-performance fibres that are inherently flame-retardant, such as 
polyamide (Kevlar®, Nomex®), polyimide (P84®), PBI®, polybenzoxazole (Zylon®), oxidised 
acrylic (semi-carbon) etc. Flame retardancy is inhabited into their structure at the synthesis 
stage [156] and these fibres have limited oxygen index (LOI) values above 21%, as shown in 
Fig 2.12. 
Group B: These are conventional fibres of both natural and synthetic origins that are not 
normally flame retardant, but modified to be so after their natural production or synthesis, such 
as flame retardant (FR) cotton, FR viscose, FR wool. 
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Table 2.8: Summary of few prospective fibres which have favourable characteristics to be used in FPC 
in one or more aspects [157-168]. 
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Oxidized PAN fibre / 
semi carbon fibre 
(Panox®) 
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According to Horrocks [157], conventional fibres treated with FR are usable up to 100 °C 
continuous use and high-performance fibres are suitable for continuous use above 150 °C. In 
this way, Group B fibres are more useful in flame-resistant bedding, upholstery, curtains, etc. 
than in firefighting application. 
2.3.1.2 Membranes for FPC 
Membranes used in FPC are extremely thin (about 10 µm) microporous or hydrophilic 
polymeric films [169]. Membranes used in protective clothing can be permeable, 
semipermeable, selectively permeable or completely impermeable depending on the specific 
need of protection. A toxicological agent–protective suit used by the military is made of 
impermeable film that does not allow liquid to pass through, not even water vapour [170]. 
However, standard-issue military chemical-protection suits allow vapour exchange through a 
semipermeable adsorptive carbon liner [170] where the membrane blocks the liquid from 
passing through but carbon adsorbs the vapours and allows it to pass through the fabric [170]. 
In this section, the membranes suitable for FPC are discussed mainly under two categories: 
vapour transportation through pores and vapour transportation by adsorption. 
(a) Porous membrane: Porous ‘perm-selective’ membrane [171] is a common element in 
various protective apparel including firefighters’ and chemical protective clothing [172]. It 
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shows selectivity in respect to molecular solubility and diffusion through the polymer structure 
[170]. Water vapour passes through, while organic molecules are blocked. The selective 
membrane can be made of cellulose acetate, poly(vinyl alcohol), cellulosic cotton,  
poly(allylamine) etc [170]. Perm-selective membranes are used in FPC as the moisture barrier.  
Porous Gore-Tex® expanded PTFE (ePTFE) membrane is widely used as the moisture barrier. 
Gore-Tex membrane contains more than 9 billion pores per square inch [173] that allow water 
vapour (sweat) to pass through while blocking water droplets, as can be seen from Fig 2.13. 
Thus, this membrane acts as a moisture management medium. 
 
Fig 2.13: Moisture management of Gore-Tex® membrane (Image credit [174]). 
In FPC, various Gore-Tex moisture-barrier layer fabrics are used such as CROSSTECH®, 
GORE® RT7100, GORE® PARALLON™. Alternatives to commonly used Gore-Tex 
membranes are also gradually emerging. Apart from ePTFE membranes, microporous 
membranes from polyurethane (PU) are also manufactured and marketed for FPC [175]. PVDF 
(polyvinylidene fluoride) membrane is also available from other manufacturers for the same 
purpose [169, 175] as Gore-Tex membrane. Nanofibre web or foam is another alternative to 
ePTFE membrane. Casting of an electrospun nanofibre layer on base fabric is yet another 
mechanism of pore formation and imparting breathability to protective clothing [176]. Several 
examples are worthwhile to mention in this instance. Bagherzadeh et al. [177] sandwiched 
electrospun nanofibre web between woven fabric layers to prepare a breathable textile barrier 
and compared the barrier performance with Gore-Tex membrane. Serbezeanu et al. [178] 
electrospun polyimide membranes on Kevlar base fabric to prepare a barrier material. Open 
cell foam is also a porous vapour-transmission technique that is used in protective clothing 
[179].  
(b) Non-porous membrane: This is termed ‘hydrophilic membrane’. Unlike semipermeable 
or perm-selective membrane, these are impermeable types of membranes which do not contain 
Page 41 of 210
	
	
any pores. These can be polyester or PU film chemically modified to gain their hydrophilic 
nature through the amorphous region of their polymeric system [169]. Thus, the solid film 
prevents liquid drops whereas water vapour is attracted by the hydrophilic group of the chain-
modifying agent and enters the film. Then, driven by the vapour density and heat, water vapour 
diffuses in the polymer system and finally escapes to the environment from the opposite side.  
(c) Combined porous non-porous membrane: This is a combination of microporous and 
hydrophilic membrane. In this case, a non-porous hydrophilic coating is applied to a 
microporous membrane. In traditional microporous membrane, pinholes or oversized pores 
may cause water leakage. On the other hand, the pores can also be blocked by contamination 
(body oil, dirt or other foreign materials). However, in this type of combined membrane, the 
non-porous hydrophilic layer seals the microporous membrane and offers better performance.  
2.3.1.3 Fabrics for FPC 
FPC is a system or assembly combining both textiles and non-textiles to serve the sole purpose 
of keeping firefighters safe and functional in various hazardous situations. The turnout coat 
worn by firefighters has traditionally been a multilayer structure containing an outer shell, 
moisture barrier and thermal barrier, as shown in Fig 2.14. The outer layer and the face cloth 
of the thermal barrier of FPC are normally plain or twill woven fabric, whereas the moisture 
barrier and batting of the thermal barrier are nonwoven. In this section, the textile component 
of FPC (turnout coat and trouser) is discussed. The following sections briefly highlight these 
three layers of FPC. 
 
Fig 2.14: Fabric assembly in FPC: from left, Nomex outer layer, STEDAIR moisture barrier and 
thermal liner showing nonwoven batting and woven Nomex face cloth. 
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(a) Outer shell fabric: The outer shell is the first line of defence for the firefighters. The 
protection required has various aspects and no single fabric can meet all the requirements. The 
outer shell fabric should protect firefighters from fire in flashfire conditions or when entering 
burning buildings. It needs to have sufficient tensile strength with acceptable abrasion and cut 
resistance to support crawling or climbing in rescue missions. FPC also needs to be light, 
flexible and breathable to avoid heat stress and hindrance to movement. Hence, the fibre choice 
for the outer layer is important and needs to consider performance, comfort and price. The fibre 
for the outer layer is traditionally selected from any of the high-performance inherently FR 
fibres from Group A, as discussed in Section 2.3.1.1. As approximately 21% oxygen is present 
in air, any fibre with an LOI value over 21% will not support combustion in air. Thus the higher 
the LOI value is, the lower the flammability risk will be. In general, for a fabric to be defined 
as FR (Flame retardant) it should have a minimum LOI value of 26‒28% [157]. Aramid, PBI 
and their blends are commonly found in the outer-layer fabric of current FPC due to their price 
and favourable properties. However, due to the emergence of new technologies and novel 
fibres, manufacturers of FPC are continuously developing favourable blends with various fibre 
alternatives to find an optimum balance of protection, comfort and price (Fig 2.15). 
 
Fig 2.15: Price–peace–protection trilogy of various fibres as candidates for FPC. 
Fabric structure is another important consideration after selecting a suitable fibre type. When 
currently available various types of FPC were investigated to look into their structure and 
composition, number of different fibre blends & fabric structures were noticed. Few examples 
are mentioned here. McQuerry et al. [180] collected more than 250 FPC from various fire 
departments and evaluated their performance in ageing. Diversified material choice was seen 
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in this study. Outer layers were found to be made of Nomex, Kevlar and PBI fibre whereas 
moisture barriers included Aquatech, Crosstech, Goretex, PTFE membranes and RT71000. 
Thermal liners were composed of TenCate Caldura SL Quilt, aramid fibres and E-89. Lee and 
Barker [181] evaluated the TPP of 21 heat-resistant fabrics of knit, woven and nonwoven 
structures. The fabrics tested were either aramid or PBI and PBI blends with aramid or FR 
rayon. The woven fabrics were twill, sateen or plain structures with fabric weights ranging 
from 139 to 295 gsm. Fabric weights of tested knit structure ranged from 153 to 298 gsm and 
felt structures ranged from 180 to 295 gsm. Krasny et al. [182] evaluated eight commonly used 
outer-shell fabrics composed of aramid, Novoloid, cotton and their blends where the fabric 
weights ranged from 205 to 440 gsm. Hence, it is worthwhile to consider fabric construction 
in choosing a suitable outer-layer fabric from the wide range of commercial products. Table 
2.9 and Fig 2.16 present some examples of commercially available outer-shell fabrics from 
recent market trends to give an idea of the fibre blend scenario.  
 
Fig 2.16: Some commercially available outer-layer fabrics (from left): AdvanceTM, AgilityTM, 
Aluminized PBITM, BrigadeTM, Millenia XTLTM and PioneerTM. 
 
Table 2.9: Outer-shell fabrics from various manufacturers [183-188]. 
Trade name Manufacturer Description Structure 
Advance™ Southern Mills, 
Inc., doing 
business as 
TenCate 
Protective Fabrics 
USA Inc 
60/40 blend of KEVLAR® and 
NOMEX® used for outer shell 
fabric, piece dyed. 
Ripstop 
Nomex® IIIA DuPont 93/5/2 Nomex-Kevlar-Carbon Plain 
Indura® Westex by 
Millimen & Co 
100% FR cotton Rugged 
Twill 
FusionTM Safety 
components 
60/40 or 50/50 Kevlar-Nomex 
blend 
Ripstop 
Armor APTM Safety 
components 
80/20 or 60/40 Nomex-Kevlar 
blend 
Twill 
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PBI MaxTM Safety 
components 
70/30 PBI-Kevlar blend Comfort-
Twill 
PBI Matrix® Safety 
components 
60/40 Kevlar®-PBI Gold 
Plus®, 
Plain 
Armor 7.0 TM Safety 
components 
75/25 or 50/50 blend of 
DuPont Kevlar-Nomex 
Comfort-
Twill 
MilleniaTM Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
60/40 Tejin Twaron or 
Technora-Zylon PBO 
Ripstop 
Advance Ultra Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
60/20/20 Kevlar-Nomex - 
Zylon PBO 
Ripstop 
Omni VantageTM Norfab 
corporation 
40/30/30 Kevlar-Basofil-
Nomex 
Ripstop 
GeminiTM XT Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
55/37/8 Kevlar-PBI-Vectran 
or Technora 
Plain 
PioneerTM Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
60/40 or 50/50 blend of 
Nomex/Kevlar 
Twill 
Ultra® Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
Kevlar/Nomex/PBO Ripstop 
KombatTM Flex Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
PBI/Kevlar Twill 
Dual Mirror®  Gentex 
corporation 
Aluminized PBI/Kevlar Ripstop 
Tecasafe® Plus Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
Modacrylic/cellulose/aramid Twill 
Defender M® Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
Lenzing FR® Rayon-para 
aramid-Nylon 
Ripstop 
BrigadeTM Southern Mills, 
Inc., / TenCate 
Protective Fabrics 
USA Inc 
Nomex® Plain 
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FPC is mostly constructed of basic weave structures, including mainly plain or twill 
construction and their special derivatives such as Ripstop construction, Comfort twill etc. 
Detailed information about woven fabric structures is available in references [189, 190] and 
fabric structures used in technical textiles are discussed in references [191-193]. Brief 
discussion of basic woven fabric structures used for FPC is given below. 
Plain weave is the simplest, shortest and the most important woven fabric construction, 
produced by alternative lifting and lowering of one warp yarn across one weft yarn [191, 194]. 
As it has the maximum number of possible interlacing, plain weave produces a tight cloth with 
a firm structure which is stronger than any other weave structure [195, 196]. Hence, at least 
90% of two-dimensional woven technical fabrics are constructed of plain weave [191]. 
Twill weave is another basic weave structure, where diagonal rib lines become visible on the 
fabric surface. Rib lines usually run from the lower left to upper right of the fabric, where each 
end floats over or under at least two consecutive picks [194]. Thus, twill weave has a more 
open construction with longer floats and fewer intersections.  
Satin weave has interlacing points which are spaced as evenly and widely as possible to 
produce a smooth fabric surface free from twill lines. The warp face construction of such design 
is termed ‘Satin’ whereas the weft face construction is called ‘Sateen’. Satin contains many 
more ends than picks  [194], while Sateen has a much higher number of picks than ends [191]. 
Satin weave is not a practical option for FPC due to comparatively loose fabric structure. 
Derived weaves are the combinations of three aforementioned basic structures. They are either 
derived from any of these or combine these in one structure. For example, leno, repp and 
panama are derived from plain weave; honeycomb and herringbone are derived from twill 
weave; and crepe and shadow repp are derived from satin weave [194].  
Ripstop weave is a widely used woven fabric structure in the technical textile industry. It is 
designed to stop the ripping. Extra-high-strength yarn is weaved in regular intervals within the 
normal base fabric to provide resistance to the spreading of tears. The definition of ripstop 
weave is given as ‘very fine woven fabric, often nylon, with coarse, strong warp and filling 
yarns spaced at intervals so that tears will not spread. The same effect can be achieved by 
weaving two or three of the fine yarns together at intervals’ [197]. It is suitable for technical 
textiles that require resistance to tearing. In 2005, Du Pont patented a weave fabric structure 
specially designed for FPC with a ripstop yarn component that has at least 20% more tensile 
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strength than the body yarn [198]. Currently many manufacturers use ripstop construction for 
fabric intended as outer-layer fabric of FPC. 
Miscellaneous: Nowadays manufacturers of technical textile fabrics have developed 
innovative weave constructions based on any of the basic structures for fulfilling specific 
requirements. Rain drop and Comfort twill are recent examples of such development. Comfort 
twill is based on patented Filament twillTM technology by Safety Component. This weave 
structure can be found in outer-layer fabrics such as PBI MaxTM and Armor APTM and in 
thermal liner GlideTM. It is claimed that this weave structure from Kevlar filament is more than 
two times stronger than weave structure from Kevlar spun yarn, and also the fabric is more 
flexible, lightweight and comfortable [199]. Another such special construction is Channelling 
raindrop weave which is used in the PrismTM thermal liner. It is woven in a technical pattern 
which has a concentrated placement of viscose. Since viscose has excellent wicking capability, 
such concentrated placement inside raindrop pattern absorbs and allows moisture to be 
channelled away from the wearer for enhanced comfort. Many other special weave structures 
are available for technical textiles. 
(b) Moisture barrier: The purpose of the moisture barrier is to impart breathability in FPC. 
This barrier layer makes the FPC impermeable to water while it allows moisture vapour to pass 
through. In this way, firefighters remain protected against hot water and toxic liquids, while 
their sweat can be vaporised and dissipated to the environment.  
 
Fig 2.17: Commercial moisture barriers (from left): Crosstech black, Parallon, RT7100, Stedair 300 
and Stedair gold. 
The use of a moisture barrier in FPC is not mandatory in some countries, whereas in other 
countries it is obligatory [200]. Microporous perm-selective membrane, hydrophilic non-
porous membrane and their combination can be used. In most cases, ePTFE membrane is used 
as the moisture barrier in a bicomponent structure with PU foam that creates an air cushion. 
Sometimes an additional hydrophilic coating is also applied on top of the ePTFE membrane. 
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Fig 2.17 and Table 2.10 show some commercially available moisture barriers from various 
manufacturers. 
Table 2.10: Examples of commercially available moisture barriers [175, 184, 201-203]. 
Trade Name Manufacturer Composition Fabric 
STEDAIR®3000 Stedfast Bi-component 
ePTFE/FR PU 
33/67 blend of Kevlar-Nomex® 
E89TM. Nonwoven Spunlace 
STEDAIR®4000 Stedfast Bi-component 
ePTFE/FR PU 
100% Nomex IIIA®. Woven 
Pajama-check 
STEDAIR®Gold Stedfast Bi-component 
ePTFE/FR PU 
80/20 blend of Nomex IIIA®-PBI. 
Woven Pajama-check. 
CROSSTECH® 
3-layer 
W.L Gore Bi-component 
ePTFE/FR PU 
Nomex Woven, Pajama check 
CROSSTECH® 
black 
W.L Gore Bi-component 
ePTFE/FR PU 
100% Nomex IIIA®. Woven 
Pajama-check 
GORE® RT7100 W.L Gore Bi-component 
ePTFE/FR PU 
15/85 blend of Kevlar®-Nomex®. 
Needle punched Nonwoven. 
Porelle® 
Membrane 
Porelle Bi-component 
ePTFE/FR PU 
Or hydrophilic  
- 
Entrant®  Toray 
Industries 
Microporous PU 
film 
 
 
(C) Thermal barrier fabric and nonwoven: The thermal barrier of FPC usually contains a 
nonwoven batting attached to a face cloth. The thermal barrier (often termed as ‘thermal liner’) 
is the most critical component in turnout gear as it has the greatest impact on thermal protection 
and heat-stress reduction. Air is trapped in or between the nonwoven material of the thermal 
liner and thus together with moisture barrier, thermal liner provides 75% of the total thermal 
protection of a turnout garment [204]. Fig 2.14 shows a complete fabric assembly in FPC where 
a nonwoven batting material is sewed to a face cloth. The face cloth of thermal liners is 
conventionally a thin woven fabric from Group A as discussed in Section 2.3.1.1. Fig 2.18 
shows examples of some commercial thermal liners. 
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Fig 2.18: Commercial thermal liners (from left): Quantum3D®, Glide ICETM, Defender® M, Caldura® 
SL2 and Aralite® NP. 
Nonwoven is a fabric structure built without twisting of the fibre (as in yarn) or interlacing of 
yarn (as in fabric), resulting in a lofty textile construction unless pressed. Hence, nonwoven 
textiles can accommodate a high volume of air pockets in a much lower weight of textile which 
can be used as a barrier to heat transmission. In knitted and woven fabrics, fibres are held 
together by frictional force. However, in nonwovens, fibres are held together either by 
frictional force (fibre entanglement) or an adhesive system (thermal or chemical bonding). 
Initially a layer of fibre web (batt) is laid by a suitable method like carding machine, air laying, 
water laying, spun laying, etc., and then the laid fibres are bonded by means of mechanical 
entanglement such as needle punching, hydroentanglement or stitch binding, or by means of a 
thermal or chemical agent [192]. Two commonly available nonwoven batting materials of 
thermal liners are needle-punched and spunlace. Table 2.11 and Fig 2.18 show some examples 
of commercial thermal liners with their construction, combination and manufacturer. 
Needle-punched: Needle-punching is a simple stitching of fibre batt with entangled fibre. In 
this case, a set of needles is punched through the laid fibre batt and then withdrawn. During the 
needle descent, a strand of fibre is caught by the barbs of the needle and forms loops. On 
upward withdrawal of the needle, the fibre strand is released from the needle barbs, forming 
an entangled stitching fibre strand in the laid fibre batt. This is the ‘down-punched’ method. 
Similarly, it can be ‘up-punched’ or a combination of both (‘double-punched’). 
Spunlace nonwoven: The term ‘spunlace’ is derived from its laying mechanism, not the 
bonding technique as with needle-punched nonwoven. In the spun-lacing mechanism, as soon 
as the filaments are extruded from the spinnerets, they are directly drawn (usually by air) 
downward to be laid into a batt. Then the batt is bonded (typically by hydroentanglement) to 
the nonwoven. As the filaments are directly laid to make fabric just after their extrusion from 
the raw material, spunlace nonwoven production is the shortest possible textile route from 
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polymer to fabric [192]. The production process is so fast that a commercial spunlace 
production line with production speed up to 400 m/min [205] is available. 
Needle-punched batting is normally bulkier than spunlace batting. Normally two-layer 
spunlace batting is used in thermal liners while one layer of needle-punched batting does the 
job in identical conditions. However, needle-punched battings usually offer higher TPP ratings, 
while spunlace batting offers better total heat loss (THL) performance [206]. Needle-punched 
batting is normally less flexible and less durable than spunlace battings. 
Table 2.11: Thermal barrier combinations in some commercially available thermal liners [184, 187, 
188, 206, 207]. 
Trade Name Manufacturer Composition Face 
Cloth 
Weave 
Face 
Cloth 
Batting 
Glide IceTM Safety 
Components 
60%Kevlar® with 
40%Nomex/Lenzing 
FR® 
Twill 2 layers Nomex 
spunlace 
PrismTM Safety 
Components 
68/21/11 blend of 
Aramid, FR viscose 
and Polyamide 
Channeling 
Raindrop 
Nomex/Kevlar 
needle punch 
BravoTM Safety 
Components 
51/32/17 blend of 
Aramid, FR viscose 
and polyamide 
- 2 layer, 50/50 
blend of Aramid 
and FR viscose 
XLT-LiteTM Starfield 100% Nomex®  Plain 
weave 
Reprocessed 
Nomex, Needle 
punch 
Aralite® NP TenCate 
Protective 
Fabric 
100% Nomex® Plain 
weave 
Kevlar®/Nomex®, 
Needle punch 
Aralite® SL3 TenCate 
Protective 
Fabric 
100% Nomex® Plain 
weave 
3 layers 
Kevlar®/Nomex® 
E-89TM, Spunlace 
Defender® M TenCate 
Protective 
Fabric 
85-25-10 blend of 
Lenzing FR®-
Twaron®-Nylon 
Plain 
weave 
2 layers 
Kevlar®/Nomex®, 
Spunlace 
PBI Thermal 
GUARDTM 
PBI 
performance 
products, Inc 
Proprietary PBI 
Blend 
- 80% Aramid, 
20% PBI, 
Spunlace 
Caldura® 
NPi 
TenCate 
Protective 
Fabric 
61/34/5 blend of 
Kevlar®-Lenzing 
FR®-Nylon 
Twill Aramid, Needle 
punched 
Caldura® 
SL2i 
TenCate 
Protective 
Fabric 
61/34/5 blend of 
Kevlar®-Lenzing 
FR®-Nylon 
Twill 2 layers 
Kevlar®/Nomex® 
E-89TM, 
Spunlace 
Page 50 of 210
	
	
GlideTM Pure Safety 
Component 
60/26/14 blend of 
Kevlar®-Nomex®-
Lenzing FR® 
Filament 
Twill 
50/50 Kevlar®-
Nomex®, 
Needlepunch 
GlideTM 2 
layer 
Safety 
Component 
60/26/14 blend of 
Kevlar®-Nomex®-
Lenzing FR® 
Filament 
Twill 
2 layers 
Kevlar®/Nomex® 
E-89TM, 
Spunlace 
Quantum3D® 
SL2i 
TenCate 61/34/5 blend of 
Kevlar®-Lenzing 
FR®-Nylon 
Twill 2 layers 
Kevlar®/Nomex®,  
Spunlace 
Glide ICETM 
PBI G2 
Safety 
Component 
61/26/14 blend of 
Kevlar®-Nomex®-
Lenzing FR® 
Twill 2 layers 80/20 
Aramid-PBI, 
Spunlace 
Q-8TM TenCate 
Protective 
Fabric 
Meta aramid- FR 
modacrylic 
Twill or 
plain 
Aramid-FR 
Rayon. Needle 
punched 
Defender 
M® SL2 
TenCate 
Protective 
Fabric 
Lenzing FR® 
Rayon-para aramid-
Nylon 
Twill or 
plain 
2 layers Kevlar-
Nomex. Spunlace 
Quantum4TM TenCate 
Protective 
Fabric 
Aramid, FR Rayon, 
FR Nylon 
Twill 80% Nomex, 
20% PBI, 
Spunlace 
Ultraflex® DuPont 100% Nomex® Plain 
weave 
50/50 Kevlar-
Nomex 
 
2.3.2 Wear comfort of FPC 
British Standard BS EN ISO 7730:2005 defines ‘thermal comfort’ as the mental condition of 
an individual that expresses satisfaction in their thermal condition. Designing protective 
clothing for firefighters is a challenging task as it requires making a compromise between two 
crucial but conflicting factors, that is, maximising thermal protection and minimising heat 
stress [208, 209]. Thermal protection is undoubtedly the primary concern for FPC; however, 
its effect on metabolic heat stress is also an important consideration [210]. Hence, FPC needs 
to be built with a balance of these two factors. The key to thermal comfort is the condition of 
the skin–clothing microclimate, which depends on two vital factors – humidity and 
temperature. The level of thermal comfort of the human body is determined by the heat and 
moisture balance between the body and the environment. In brief, this type of comfort can be 
termed as ‘thermophysiological wear comfort’, which refers to the heat and moisture transport 
properties of clothing and the way the clothing helps to maintain the heat balance of the body. 
It does not simply depend on one or two key ingredients such as thermal conductivity or 
insulative behaviour of the clothing, but many other minor details, such as the environment and 
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wearer’s physiomental conditions, Again air velocity also affects comfort as  thermal insulation 
reduces with increased wind velocity as compared with insulation in still air [211]. Furthermore 
the moisture content of textiles increases thermal transmissivity [211]. Thus heat and moisture 
transport properties should be taken into consideration to predict wearer thermal comfort [212, 
213]. 
2.3.2.1 Moisture management 
How well a specific fabric type can manage moisture, plays a significant role in wearer comfort. 
Wearers’ perception of moisture comfort sensation and clothing comfort is directly related to 
absorption of moisture or body sweat by the garment in the garment–skin microclimate, and 
moisture transportation through and across the fabric where it evaporates [214-217]. The sweat 
produced from the skin during a firefighting activity should be absorbed by the surface of the 
next-to-skin wear and then should gradually transfer to the layers further out in the clothing 
assembly. The use of multiple layers in FPC makes this liquid transfer difficult by reducing the 
moisture management capability of the garment, resulting in accumulation of sweat on the 
next-to-skin layer. As a consequence, the wearer suffers increased wet clinginess and thermal 
discomfort [218], which may shorten the work time of the firefighter. Fabric which does not 
allow the passage of water vapour results in the condensation of water vapour and formation 
of liquid moisture, which is a direct reason for the sensation of discomfort [219]. Unlike the 
simple determination of fabric absorbency and wicking properties, a moisture management test 
measures the behaviour of dynamic liquid transfer in clothing materials. However, moisture 
transportation through FPC is a multidimensional process, as a fraction amount of moisture 
can be absorbed by the first contact surface, and some amount can go through the fabrics and 
be absorbed by the other surface. The transfer of external liquid to the skin is not desirable, 
whereas it is expected that the clothing used in FPC should allow sweat to escape to the 
environment. These two desirable properties are self-contradicting for any fabric type. How 
much moisture will be absorbed by the first surface and how much will go to the opposite side 
of the fabric depend on many fabric attributes such as fabric construction, surface finish, 
absorbency of the concerned fibre type, ambient humidity, temperature etc. Therefore, it is 
important to analyse the moisture management properties of fabrics intended for firefighting 
gear. 
Another important parameter is the permeability of moisture, which can be defined in two 
aspects – one-way transfer of liquid and the permeability index. The former provides an idea 
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of how much protection a specific fabric type may offer against harmful liquids from external 
sources, whereas the latter expresses the degree of evaporative cooling (of sweat) of the fabric. 
The permeability index considers the dry heat resistance of a textile fabric and relates to the 
escape of water vapour (sweat evaporation) through the clothing.  
2.3.2.2 Heat transfer 
The temperature between the thermal liner and the firefighter’s workwear can reach up to 62 °C 
[220]. It has been identified that the pain threshold of human skin is around 44 °C [221, 222]. 
When the skin temperature exceeds this threshold, the absorbed energy determines if and how 
severe burns will be received [223]. The skin receives second-degree burns when skin 
temperature approaches 55 °C [99]. Thus, there is a time gap between starting to feel pain and 
receiving a second-degree burn. The time between these two points, that is, the time when the 
skin starts to feel pain and the time when it receives irreversible burns, is called the ‘pain alarm 
time’ [92]. This time frame is crucial for a firefighter, as it indicates the time available for the 
wearer to respond to the warning and escape from a danger zone before receiving burns. A 
longer time gap offers a higher chance for the firefighter to avoid injury. Heat-absorbing 
materials such as PCM and thermal insulation material such as aerogel can be used for thermal 
regulation and to increase the pain alarm time [224, 225]. Hence, in designing protective 
clothing, the temperature behind the thermal liner is decisive. The lower the temperature behind 
the thermal liner, the cooler the skin temperature will be.  
2.3.2.3 Air permeability 
Air permeability, being a biophysical feature of textiles, determines the ability of air to flow 
through the fabric. It can be greatly affected by the finishing treatment [226]. Clothing is 
normally a barrier to free air flow to the body. Easy air flow increases the rate of evaporation 
of body moisture and reduces the body temperature. Increased wind velocity reduces fabric 
thermal insulation compared with the fabric insulation in still air. Different fabric types allow 
different amounts of air to pass through and consequently have a different levels of thermal 
comfort. The air permeability of a fabric has two opposite sides. For winter clothing, high air 
permeability of the fabric is not desirable. Hence, windproof fabric is a smart choice for winter 
garments. On the other hand, for summer clothing, air-permeable fabric may be a good choice. 
Hence, no universal conclusion can be derived about whether more or less air-permeable fabric 
is better.  
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The opposite ideas are also true in FPC, that is, less air-permeable fabric is desired for fire-
entry suits (as the flow of hot air will be towards the body, which acts as a heat sink) and more 
air-permeable fabric is preferable for firefighters’ station wear (as the cooler ambient air can 
flow towards the body). From the view of moisture transport through air where air acts as a 
carrier of moisture, highly air-permeable fabric has an advantage. However, in respect of 
incoming hot air towards the body, less air-permeable fabric has the benefit. Therefore, when 
a firefighter has to work for a long time in comparatively low heat conditions, more air-
permeable fabric will allow faster release of metabolic heat as the heat and moisture transfer is 
outward from the body in this scenario. On the other hand, when a firefighter has to enter a 
flashover condition such as a burning building for a rescue mission, a less air-permeable 
garment could be a smarter choice as heat flow will be towards the body in this circumstance. 
In any case, protective clothing should be designed to cope with the worst conditions. 
 
2.3.2.4 Tests and standards for comfort evaluation 
The test and standards that are used for evaluating the comfort of FPC as mentioned in  NIST 
technical report [153] are tabulated in Table 2.12. 
Table 2.12: Standards to evaluate the comfort of FPC [227-234]. 
Standard Material tested Test apparatus Property evaluated 
ASTM F 1868-C Multi-layered 
fabric composite 
Sweating hot 
plate 
Total heat loss, W/m2 
THL > 450 W/m2 
ASTM E 96 Multi-layered 
fabric composite 
Dish/cup Water vapour transmission 
rate, g/h.m2 
ISO 15831 Full clothing 
system 
Thermal 
manikin 
Thermal insulation, ºC.m2/W 
ASTM F2298 Fabric specimen Dynamic 
moisture 
permeation cell 
Water vapour transmission 
rate, g/h.m2 
NFPA 1971 Moisture barrier WVTR cup Water vapour transmission 
rate, g/h.m2 
ISO 11092-DIN EN 
31092 
Multi-layered 
fabric composite 
Sweating hot 
plate 
Thermal resistance, K.m2/W. 
Evaporative resistance, 
kPa.m2/W 
ASTM F 1291 Full clothing 
system 
Sweating 
thermal manikin 
Total thermal insulation, 
ºC.m2/W 
ASTM F2370 Full clothing 
system 
Sweating 
thermal manikin 
Evaporative resistance, 
kPa.m2/W 
ASTM F2371 Full clothing 
system 
Sweating heated 
manikin 
Average cooling rate, W/s 
 
Page 54 of 210
	
	
2.3.3 Protection requirement of FPC 
The protection expected through clothing is multidimensional. For traditional clothing, the 
expectation is basically social, which determines its value through modesty and cultural views 
of fashion discerning. However, in the case of protective clothing, values are determined in 
relation to its specific protection performance, limiting cultural or fashion perspectives and 
even compromising comfort. For firefighting garments, protection against heat is the main 
concern; which can be experienced from any uncomfortably hot object or direct/indirect 
contact with flame. The human body can control its internal temperature to a certain level when 
external or internal conditions change. Specific parts of the central and peripheral nervous 
system continuously identify temperature instability in the body and try to keep a balance 
through their own biological action [235] and exchange heat (gain or loss) with the 
environment, as shown in Fig 2.19. However, when we face extreme weather conditions, we 
need protection for survival. One of the most important functions of clothing is to protect 
wearers against extremes of environmental temperature – either heat or cold – that is, resistance 
against heat flow [236]. The measure of the insulation of a material is its thermal resistance. 
This is defined as the temperature difference between the two faces divided by the heat flux in 
units of Km2W-1. 
 
Fig 2.19: Heat gain/loss for thermal balance in the human body (Image produced from [237].) 
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Protection from heat has two aspects. Firstly, it is necessary to maintain a certain temperature 
in the body core for the proper functioning of internal organs and, secondly, it is also vital to 
protect the skin. The human body always maintains a thermal balance with its surrounding 
environment and tries to keep the core body temperature between a narrow range of 36 to 38 
ºC [238] by either producing or releasing heat. The metabolic heat which is generated inside 
the body increases the core body temperature. The rate of metabolic heat varies from person to 
person. Hence, to normalise the rate of metabolism among people, the rate of metabolic heat is 
measured by the surface area of the skin.  
Again, different organs of our body generates heat at different rate irrespectively to their size. 
Such as example although our brain consists of only 2% of total body mass, it generates 15% 
of the metabolic heat [238]. Firefighters perform a variety of strenuous tasks which 
significantly increase the rate of metabolic heat generation. If the heat balance is disturbed, 
core body temperature starts to rise/fall from the normal range of ~37 ºC and the individual 
starts to suffer consequences according to the scale shown in Fig 2.20.  
Core body temperature (°C)  
44   
Upper limit for survival 
  Impaired thermal regulation 
42   Heat stroke, brain damage 
  
40   
Extreme physical exercise   
  and fever   
38   
    
  Normal range 
  
36   
  
  Intense shivering and  
34 
   impaired coordination  
  
Violent shivering; speech 
and   
32   
thought impaired  
  Decreased shivering; erratic   
30   movements; incoherent        
Fig 2.20: Consequences of change in core body temperature [238]. 
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Apart from metabolic heat, in hot environments the body of a firefighter acts as a heat sink and 
the skin receives heat from the environment following the law of thermodynamics. Thus, the 
heat gain may cause skin burns and raise the body core temperature by reversing the heat flow 
towards the body core from the skin. FPC is engineered in a manner that it protects the skin to 
maintain its temperature within tolerable limits. In general, the minimum protection 
requirement of FPC is to protect the skin from burns, whereas the desirable level of protection 
is that it not only protects against burns but also keeps the skin temperature reasonably below 
the body core temperature in hot environments to maintain a safe working condition. In 
emergency rescue missions in high heat conditions or flashfire situations, the minimum 
protection requirement must be met to avoid injury. 
 
2.3.3.1 Working conditions of firefighters 
A firefighter engaged in an emergency rescue mission or battling fire may not be capable of 
withdrawing himself from the scene immediately. In this case, their protective clothing is the 
only means of survival. The protective clothing allows firefighters a valuable time gap for 
withdrawing themselves from life-threating situations. Typical exposure to thermal conditions 
for a firefighter is between 1.3 to 12.6 kW/m2, which may increase up to 210 kW/m2 [239, 
240]. On the basis of their activities, firefighters’ working conditions can be divided into three 
categories [240-242] as shown in Table 2.13. 
Table 2.13: Firefighters’ working conditions. 
Work conditions Temperature Time Heat flux (kW/m2) Hazard 
Routine work 
condition 
30º to 100º C For 25 to 60 minutes 0.83-1.67 None 
Hazardous condition 100º to 300º C ≤ 20 minutes 2-12.5 Heat stress 
Emergency condition  up to 1200º C < 1 minute 12-200 Burns 
 
According to Abbott and Schulman [241], no real hazard is faced by firefighters in routine 
work conditions like standing in front of a small fire or operating hoses from distance. They 
may not require any special protective clothing then. Hazard conditions are like the situation 
when a firefighter enters inside a burning room. Emergency conditions are not normally 
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encountered by civilian firefighters but are faced unexpectedly, such as when a burning ceiling 
falls on them or they face a flashfire condition or experience excessively high heat fluxes near 
a massive fire source or enter a crashed aircraft that is surrounded by a burning pool of aviation 
fuel etc. The role of FPC is to protect the wearer in direct fire exposure or massive heat flux 
for a period of a few seconds. The current research aims to improve the protective performance 
of the thermal liner of FPC with the incorporation of aerogel and PCM in high heat conditions. 
The available time before receiving burns, thermal comfort, ease of ignition and flame-
spreading speed have been investigated after incorporating aerogel and PCM in the thermal 
liner of FPC.  
2.3.3.2 Tests and standards for protection evaluation 
The tests and standards that are normally used for evaluating the protection performance of 
FPC as mentioned in NIST technical report [153] are tabulated in Table 2.14.  
Table 2.14: Standards to evaluate the protection of FPC [243-252]. 
Standard Material tested Test apparatus Property evaluated 
ASTM F 1930 Full clothing 
system 
Instrumented manikin Heat transfer, kW/m2. Time 
to second degree burn, s 
ASTM F2731 
NFPA 1971 
Flame resistant 
clothing materials 
Stored thermal energy 
device 
Heat transfer, kW/m2. Time 
to second degree burn, s 
ASTM F 1060 
NFPA 1971 
Clothing 
materials 
Conductive and 
compressive heat 
resistance test device 
Heat absorption. 
Thermal conduction, 
W/m.K 
ASTM F 2703, 
NFPA 1971 
Flame resistant 
clothing materials 
TPP (Thermal 
Protective 
Performance) test 
device 
Heat transfer, kW/m2. Time 
to second degree burn, s 
ISO 17492 Flame resistant 
clothing materials 
TPP test device Heat transfer, kW/m2. Time 
to second degree burn, s 
ASTM F 2702 Flame resistant 
clothing materials 
RPP (Radiant 
Protective 
Performance) test 
device 
Heat transfer, kW/m2 
ASTM F1939 
NFPA 1977 
Flame resistant 
clothing materials 
RPP test device Heat transfer, kW/m2 or 
RPP rating. 
ASTM F955 
ISO 9185/ 
BS373 
Clothing 
materials 
Molten metal 
exposure apparatus 
Temperature rise, ºC. 
Time to second degree 
burn, s. 
Visual rating for charring, 
shrinkage, adherence and 
perforation. 
ISO 9151 Flame resistant 
clothing materials 
Flame exposure 
apparatus 
Heat transfer index 
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2.3.4 Summary of Part three 
The final part of the literature review has discussed the material selection, comfort and 
protection requirements of FPC. FPC is a multilayer system where all the components 
combinedly serve the sole purpose of keeping firefighters safe in their work environment. Each 
of the layers of FPC has its own purpose and is composed of material that has required 
properties to fulfil its objectives in the best possible manner. But material choice is not a 
straight forward process. As an example, for the outer shell of FPC, PBI fibre can be selected 
for its higher LOI value and lighter weight than p-aramid, whereas p-aramid is significantly 
stronger than PBI although it has a lower LOI value and more weight. Price is another factor 
that needs to be considered. The same ambiguity applies to the moisture barrier and thermal 
liner materials as well. Hence, it requires careful consideration of material properties to obtain 
the desired level of performance. This section of literature review has discussed these criteria. 
After determining the required properties, other factors like the fabric structure, prospective 
application field, cost and availability, level of protection and comfort performance 
requirement etc. come into consideration. Hence, the work environment of firefighters and their 
comfort and performance needs are also discussed. The protective clothing of firefighters not 
only requires to keep them safe in hazard conditions, but also needs to maintain their 
physicothermal balance. Saving skin from burns and injury is of prime concern, while 
metabolic heat release is also crucial. All these discussions give an overview of the scenario 
what can be expected from  the protective clothing of a firefighter. Thus, this section of 
literature review has built the basic understanding on FPC to proceed with the current 
investigation with the aim of incorporating a heat-insulating and a heat-absorbing material to 
enhance the performance of FPC. 
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CONCLUSION 
2.4 Outcome of the literature review and conclusion 
The literature review has identified good prospect for aerogel and PCM incorporation in FPC. 
Silicon dioxide aerogel has been found to have favourable properties for thermal protection. 
Available methods of aerogel application in textiles and more specifically in FPC have been 
identified. Similarly, eicosane has been selected as the PCM to use with aerogel. By reviewing 
available techniques, dozens of methods have been identified for application of aerogel and 
PCM in FPC, as shown in Fig 2.21.  
 
Fig 2.21: Available methods of aerogel and PCM incorporation in textiles. 
By synthesising all these available methods, over 100 possible ways have been found for 
aerogel and PCM to be incorporated in FPC, as shown in Table 2.15. 
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Table 2.15: Possible techniques for aerogel and PCM incorporation in textiles. 
 Methods 
Method in section-1.1.1 + Weaving + any method from section-2 except 
2.4.2 & 2.6 (1 X 6 = 6 possible ways) 
6 
Any method from section-1 except 1.1.1 + any method from section-2 
except 2.4.2 & 2.6  (9 X 6 = 54 possible ways) 
54 
Mixing Aerogel particles & mPCM in Polymer/Resin/Binder/foam for 
coating, dipping or laminating (1 X 4 possible ways) 
4 
2.4.2 + 1.1 (1 X 6 = 6 possible ways) 6 
2.6 + 1.1.2 & 1.1.3 ( 5 X 5=25 possible ways ) 25 
2.6.1+1.2.1/1.2.3/1.2.4 (1 X 3=3 possible ways) 3 
3 (1 X 5 possible ways) 5 
Total  103 
 
However, in a PhD program with limited time frame, it is not feasible to examine each of the 
available methods and identify the best one. Hence, considering the availability of resources, 
facilities, expertise and time, the application of aerogel nonwoven, coating and electrospinning 
methods has been selected for this program. Commercially available aerogel nonwoven is 
purchased to use in FPC, coated samples are developed in RMIT laboratories and, finally, 
electrospinning of aerogel is investigated. Systematic investigation based on this literature 
review is discussed in Chapter 3. 
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CHAPTER 
THREE 
METHODOLOGY AND METHODS 
Chapter 3 describes the research methodology and relevant methods which were used during 
the investigation. In the research methodology section, the approach to undertake various 
segments of this research is described. In the materials and methods section, the procedures 
which were commonly used in several research segments, are only noted. The specific testing 
procedures and material preparations which were used for a particular research segment, are 
discussed in their respective chapters. 
3.1 Methodology and research coherence 
The research approaches the quantitative research methodology based on trial and error, as 
shown in Fig 3.1. The aim of the study is to explore the application potential of aerogel with 
PCM on textiles for thermal protection in high heat conditions, especially in FPC, where 
protection is mainly sought through insulating the body from external high heat sources. 
Creating air gaps between layers of FPC and using insulating materials are the way how it is 
done. Furthermore, the inclusion of a heat absorber is another addition to the protection level. 
Thus: 
- appropriate selection of textile materials for FPC 
- insulating technique/material; and  
- addition of heat absorber for internal cooling 
are three important dimensions of how the performance of FPC can be improved. This study 
combines heat insulation with internal cooling for better performance. Aerogel was chosen as 
an insulating material and PCM as a heat absorber. Then the research focuses on combining 
both these materials in FPC for performance enhancement. Fig 3.1 shows the general research 
pattern of all the research phases, and Fig 3.2 illustrates a detailed pathway of how the overall 
research unfolded step by step. 
Background literature has revealed that previous attempts of aerogel application in FPC were 
based on the use of aerogel nonwoven. However, it was found that the available aerogel 
nonwovens are thick and dusty materials with very limited flexibility, as shown in Appendix 
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B. Hence, in the current study coating method has been selected to apply aerogel on fabric 
surfaces to obtain comparatively thinner and more flexible fabrics than nonwovens. However, 
laboratory trials have identified that, although aerogel-coated fabric can satisfactorily enhance 
the heat-insulation property, as can be seen from the results shown in chapters 5 and in 
appendixes A to C, the coated polymer film also hindered the release of body heat. Then the 
research looked for ways to overcome this issue. There are two possible options to overcome 
this problem regarding body heat mitigation which are either reduce or release the trapped body 
heat.  
Fig 3.1: Steps of investigation. 
This study has approached the problem from both angles. Firstly, to reduce the body heat, PCM 
was selected to use along with aerogel as a heat absorber. Secondly, to release the body heat 
the options are either to make the coating breathable or to replace the coating with breathable 
aerogel material, such as porous nonwoven. At this stage, the research focuses to develop 
porous but more flexible aerogel nonwoven while looking for ways to use the existing aerogel 
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nonwoven in a better way in FPC. These approaches eventually developed a new electrospun 
aerogel nonwoven and identified better uses of currently available aerogel nonwovens.  
 
Fig 3.2: Flow of the research with single aim of incorporating aerogel in FPC. 
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The combined application of PCM and aerogel is the core of the current research and it is based 
on the hypothesis that aerogel and PCM can be used hand-in-hand in FPC to enhance 
performance and/or minimise the limitations of their individual use. This view is a totally new 
dimension of PCM and aerogel application as the approach has not been practised before.  
The study also attempts to facilitate the release of body heat in aerogel-embedded FPC. For 
this, firstly, the commercially available aerogel nonwovens were investigated for their potential 
use in FPC. The aerogel nonwoven as a zone-specific reinforcement material in FPC is another 
new field of application. At the same time, to produce aerogel nonwoven by other than 
conventional methods, the electrospinning method has also been investigated.  
Thus, this PhD study has three distinct research segments: the coating of aerogel/PCM on fabric 
and development of an innovative coating additive from aerogel/PCM for their combined 
application in FPC; better use of currently available aerogel nonwovens; and development of 
a new aerogel nonwoven. All these research segments serve the single aim of exploring the 
application potential of aerogel in thermal protective textile, especially in FPC. The flow of the 
research is shown in Fig 3.2 and a brief description of all three segments of the study with their 
respective constraints and outcomes is presented in Table 3.1. Fig 3.2 shows a single objective 
at the beginning (aerogel in FPC), and then the first question was how to do it. This problem 
was approached in two directions. Again, every approach that was taken to solve a problem 
was resulted either in a successful outcome or generation of a new question (problem). Thus, 
the research flows to resolve questions by multidirectional approaches which resulted in some 
successful findings, innovations and results with limited success which are left to work in the 
future, as shown in Fig 3.2. 
Table 3.1: Brief summary of overall research process. 
Approach/research 
segment 
Problem faced Remedies attempted Conclusion/outcome 
Segment 1 – Aerogel 
coating: Attempt to coat 
aerogel particles on face 
cloth in thermal liner of 
FPC 
Coated sample 
hindered 
escape of 
metabolic heat 
Application of PCM 
along with aerogel:  
a) combined application 
of aerogel and PCM 
b) development of 
aerogel/PCM 
microparticles as coating 
additive 
a) Combined 
application of aerogel 
and PCM enhanced 
performance. 
b) Proper selection of 
PCM can increase 
comfort. 
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c) breathable coating 
 
c) Aerogel coating 
increased flame 
resistance. 
d) Breathable coating 
method was attempted, 
but left for future 
work. 
Segment 2 – Aerogel 
nonwoven: Use of 
available fibrous 
aerogel nonwovens in 
FPC 
Existing 
aerogel 
nonwovens are 
bulky, dusty 
and less 
flexible. 
a) alternative use of 
commercial aerogel 
nonwoven in FPC 
b) development of more 
flexible and thinner 
aerogel nonwoven 
a) Aerogel nonwoven 
has good potential to 
be used as zone-
specific reinforcement 
material in FPC. 
b) Electrospun aerogel 
nonwoven 
Segment 3 – Alternative 
aerogel nonwoven: 
i) electrospinning 
/spraying of aerogel to 
form nonwoven 
ii) bonded aerogel 
nonwoven 
i) Aerogel 
particles 
choked the 
needle. 
ii) Less bond 
strength 
a) needleless 
electrospinning of aerogel 
b) stronger 
binder/adhesive applied 
a) New method of 
needleless 
electrospinning and 
electrospraying of 
aerogel has been 
developed. 
b) Flexible aerogel 
nonwoven with very 
good heat insulation 
has been prepared. 
 
3.2 Materials and methods 
3.2.1 Materials 
Materials are mentioned in respective sections to avoid repetition, as each chapter has been 
written as an individual account with its own materials and methods section. 
3.2.2 Coating method and calculation of add-on percentage 
Fabric samples were coated with aerogel and PCM particles by using a laboratory coating 
machine (SV MATIS). The amount of particles, that can be practically added into the binder 
paste largely depends on the solid content of the respective binder. Hence, before preparing the 
coating paste, the solid content of the binder was determined. Then, based on extensive trials, 
the maximum amount of particles which can be added in the selected binder was optimised. To 
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demonstrate the complete coating process and calculation of add-on percentages, an example 
of aerogel coating is presented here. 
a) Determination of solid content in selected binder: A step-by-step description of the whole 
procedure is given below: 
- Heat an empty beaker at 150 ºC for 2 h. 
- Cool the heated beaker in a desiccator. 
- Place an amount of binder in the beaker, say, X g. 
- Place the beaker again in the oven and heat at 150 ºC for 2 h. 
- Take the beaker out of the oven and weigh the dry binder film. Suppose the weight is 
now Y g. 
Now the solid content of the binder can be calculated by Equation 3.1: 
!"#$%	'"()*() = ,×.//0 	% …… Eq. 3.1 
Thus, in the case of the binder Tubicoat W1665 HT, the initial weight X was = 5.28 g, the dried 
film weight Y was = 2.40 g, and so the solid content of the binder was 45%.  
b) Coating paste formulation: Coating paste was formulated in two steps. In the first step, 
the binder emulsion was prepared and then the coating paste was made by the slow addition of 
aerogel particles into the binder emulsion.  
In the first step, to prepare the binder emulsion, 60 g Permaset Aqua, 40 g Tubicoat W1665 
HT and 30 ml distilled water were used. Firstly, the Permaset Aqua and Tubicoat W1665 HT 
were placed into a 500 ml wide-mouthed container. Then half of the water (15 ml) was added 
to the binder and stirred with a magnetic stirrer for 5 min. A homogeneous binder mixture was 
created.  
In the second step, 8 g aerogel particles were added very slowly to the binder emulsion while 
stirring continued. This addition step is very crucial for the uniform mixture of aerogel particles 
without forming aggregates. To do this, it is necessary to create a centrifugal force in the binder 
emulsion through stirring while adding the aerogel particles on the outer edge of the spinning 
binder liquid (Fig 3.3). The magnitude of this force should be just sufficient to create a 
whirlpool. If the stirring speed is too low, then a shallow and weak pool will be created which 
does not have enough force to draw the floating aerogel particles in and disperse them into the 
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binder emulsion. On the other hand, if the stirring speed is too fast, then the magnetic stirrer 
starts irregular movement without forming a whirlpool. The proper whirlpool draws the added 
particles to the centre, pulls them down to the bottom and finally pushes them back through 
out the bottom circle of the liquid to disperse them evenly as shown in the Fig 3.3. The particles 
were added portion by portion, ensuring total dispersion of the first addition before adding the 
second.  
 
Fig 3.3: Demonstration of particle addition concept (a clear polymer solution was used only for 
demonstration purposes; the same principle applies to the binder emulsion). 
In this way, the whole amount of aerogel particles was slowly added to the binder emulsion. 
The rest half of the water was added after the addition of three-quarters of the total amount of 
particles. If the paste becomes too thick, then a few drops of 10% sodium sulphate could be 
added, whereas if it becomes too thin, a few drops of thickener could be applied. After the 
complete addition of the particles, stirring was continued for a further 10 min before coating.  
c) Coating: Conditioned fabric samples were attached on pin borders on both sides of the 
coating machine’s holder and stretched to remove creases. Adhesive tape was used to secure 
the edges. Pressure of the top and bottom rollers was adjusted by the gauges provided on both 
sides of the machine. The coating paste was evenly laid over the fabric surface at the front of 
the squeeze roller. 
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Fig 3.4: Coating method. 
The coating paste was applied onto the fabric surface by pulling the squeeze roller forward, as 
shown in Fig 3.4. After application of the coating paste, the fabric was dried at 65 ºC for 15 to 
20 min and then cured at 150 ºC for 5 to 7 min using a Werner Mathis laboratory stenter frame.  
d) Determination of add-on percentage: The performance of the coated fabric depends on 
the actual amount of particles present on the fabric surface after coating. After curing, only the 
solid resin of the binder and aerogel particles remained on the fabric. Hence, the amount of 
aerogel particles could be calculated by deducting the actual total mass of the cured solid resin 
from the total mass of coated film. The amount of actual aerogel particles on the coated fabric 
surface was calculated by Equation 3.2: 
2%%	"(	3*4'*()56* = 78	×	(7:;<7:=)7?	×	@% A78BC. …… Eq. 3.2 
where:  
Wa = the weight of aerogel particles in the coating paste 
Wb = the weight of binder in the coating paste 
Wf1 = the weight of the fabric before coating 
Wf2 = the weight of the fabric after coating 
S = the solid content of the binder. 
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3.2.3 Measurement of fabric thickness 
Australian standard AS 2001.2.15-1989 was used to measure the fabric thickness. Thickness 
was measured in mm by identifying the distance between the pressure foot and the reference 
plate of the thickness tester. Conditioned fabric samples from various sections of a specimen 
were used to measure the thickness. The arithmetic mean of at least ten measurements was 
taken as the thickness of the measured fabric. 
3.2.4 Measurement of fabric weight 
Australian test standard AS 2001.2.13-1987 was followed to measure the fabric mass per unit 
area. Specimens of known dimensions were taken and weighed, and the mass per unit area was 
calculated in terms of weight (g) per square metre area of the fabric, i.e. g/m2 (gsm). A circular 
gsm cutter with an area of 10,000 mm2 was used to cut the fabric samples. Five specimens 
were taken from each fabric type.  
Here, the mass per unit area (using a circular cutter) was determined by Equation 3.3: 
M = g x 100 …… Eq. 3.3 
where:  
M = mass per unit area of the conditioned test fabric in g/m2 
g = weight of the test specimen in g = measured value from the balance. 
3.2.5 Measurement of air permeability 
Air permeability was measured according to international test standard ISO 9237:1995 by 
using the SDL ATLAS air-permeability tester, as shown in Fig 3.5. Fabrics were conditioned 
under standard atmosphere (BS1051), relative humidity of 65 ± 2% and temperature of 20 ± 
2 °C for 24 h before testing. Representative test areas were cut from the fabric, avoiding the 
selvages. Then the reading of the rate of flow was recorded across the top of the float. 
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Fig 3.5: Air-permeability tester. 
Air permeability is normally expressed as volume flow of air per unit water pressure per unit 
area of fabric. Mean air flow from five readings in litres/minute was taken for air-permeability 
calculation.  
This value is then divided by the test area of the specimen and converted to millimetre/second 
by Equation 3.4: 
R = DEF  × 167 mL/cm²/s at a defined pressure (e.g. 50/100/500 Pa) …… Eq. 3.4 
where:  
GH = the arithmetic mean flow rate of air in cubic decimetres per minute (litres/minute) 
A = the area of fabric under test in square centimetres; in our case, orifice diameter is 50.46 
mm, hence test area A = 20 cm2 ± 0.5% 
167 = is the conversion factor from cubic decimetres (or litres) per minute per square 
centimetre to millimetres per second.  
3.2.6 Scanning electron microscopic (SEM) analysis 
The FEI Quanta 200 ESEM (for a magnification range of 40 to 2000X) and FEI Nova 
NanoSEM (for a magnification range of 2000 to 200000X) were used to observe the surface 
morphology of the particles and coated fabric surface (see Fig 3.6).  
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Fig 3.6: Nova NanoSEM 200 FEGSEM (2007). 
3.2.7 Thermal and water vapour resistance 
International test standard ISO 11092:1993 was followed to measure the thermal resistance by 
using a sweating guarded hot plate (SGHP). Often referred to as the ‘skin model’, SGHP is 
intended to simulate the heat and mass transfer processes which occur next to the surface of 
the skin [1, 2]. Here, the thermal resistance (Rct) is the temperature difference between the two 
faces of a material divided by the resultant heat flux per unit area in the direction of the gradient. 
The dry heat flux may consist of one or more conductive, convective and radiant components. 
Rct, expressed in square metres Kelvin per watt, is a quantity specific to textile materials or 
composites which determines the dry heat flux across a given area in response to a steady 
applied temperature gradient.  
The measuring plate in an SGHP is a square, porous metal plate with a heating element. This 
plate is surrounded by a guard heater which prevents lateral-heat leakage from the edges of the 
specimen. Downward heat loss beneath the test section is prevented by the bottom heater, as 
shown in Fig 3.7. Thus, the SGHP allows only the upward transfer of heat or moisture through 
the sample, which is placed on top of the measuring plate. The whole arrangement is held in a 
chamber where the test environment is preciously controlled. 
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Fig 3.7: Working principle of thermal resistance measurement. 
For each type of test sample, at least three specimens of 30 cm × 30 cm were tested. The 
conditioned (20 °C, 65% RH) specimen to be tested was placed over the measuring plate and 
surrounded thermal guard, with conditioned air ducted to flow across and parallel to its upper 
surface, as specified in ISO 11092.  
The measuring plate and thermal guard were preheated to 35 ± 1 °C, whereas the ambient 
temperature inside the test chamber was 20 ± 1 °C with RH of 65 ± 2%. Air speed was 
maintained at 1 ± 0.1 m/s. When the steady state conditions were achieved, the Rct value was 
measured every minute for 30 min in the continuous steady state conditions. The average of all 
measured Rct values for each sample was then reported.  
Standard machine settings for thermal resistance tests were:  
Measuring unit temperature 35.0 °C 
Thermal guard temperature 35.0 °C 
Air temperature 20.0 °C 
Air speed 1 m/sec 
Relative humidity 65% 
The instrument measures the Rct in SI units through Equation 3.5 [3, 4]: RJK = (LMNOPQLRST)U/F …… Eq. 3.5 
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where: 
Rct = Thermal resistance (m2.°C)/W 
Tskin = Zone average temperature (°C) 
Tamb = Ambient temperature (°C) 
Q/A = Area weighted heat flux (W/m2) 
The thermal resistance of the bare plate was measured first and then the thermal resistance of 
the coated fabric samples were measured. Finally, the actual thermal resistance was 
determined using Equation 3.6:  
Rcf = (Rct − Rct0) …… Eq. 3.6 
where: 
Rcf = fabric’s thermal resistance (m2.°C)/W 
Rct0 = bare plate thermal resistance (m2.°C)/W 
Water vapour resistance (Ret) was also evaluated using the SGHP (model: M259B). Samples 
of 30 × 30 cm were conditioned and tested in accordance with the ISO 11092:1993 test method 
under steady state conditions and Ret (Pa m2/W) was calculated using Equation 3.7 [5, 6]: RWX = F(YSQYR)ZQDZ − RWX/ ……………….. Eq 3.7 
where: A is the test area in m2; Pm is the partial water vapour pressure on the surface of the 
measuring unit in Pa; Pa is the partial water vapour pressure of the air in Pa; H is the electrical 
power supply to the plate maintained at 35 ± 0.1 °C in W; DH is the correction factor for wet 
testing in W; and Ret0 is the bare plate reading with a porous membrane (Pa m2/W). 
The moisture permeability index is the relationship between dry and evaporative heat 
resistance. It indicates the degree of evaporative cooling of a clothing assembly. It is denoted 
by imt and calculated by Equation 3.8 [5, 7]: 
 $\K = ] ^_`^a` ……..Eq. 3.8 
where: K is a constant with the value of 60.6515 Pa/°C. 
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3.2.8 Moisture management testing 
A moisture management test measures the behaviour of dynamic liquid transfer in clothing 
materials. Its working principle is elaborately discussed by Hu et al. [8]. The instrument in fact 
measures the contact electrical resistance of the fabric as it changes due to the transportation 
of moisture in the fabric. The change of resistance depends on, firstly, the water content of the 
fabric and, secondly, the components of the water. When we fix one variable, such as the 
components of the water, then the measurement of electrical resistance will be directly related 
to the water content in the fabric. As we know the electrical resistance of a textile material is 
normally very large when placed in a closed circuit, so when a fabric contains a certain amount 
of moisture or is wet, its resistance changes and this change in resistance can be used to measure 
the amount of moisture on the two surfaces of the textile. 
Conditioned fabric specimens of 80 × 80 mm were placed between the top and bottom sensors 
in the test chamber of the moisture management tester (MMT). Here it is important to note that 
the fabric’s next-to-skin side (the side of the fabric which will be in body contact during wear) 
must be placed facing the top sensors. A predetermined quantity of 0.15 g test solution was 
pumped onto the upper surface of the sample (i.e. the skin side of the garment) as sweat. The 
sensor rings (Fig 3.8) determined the moisture transfer behaviour on each surface. The sensor 
senses and measures the changes in resistance and voltage. Finally, the software converts the 
values into a form to explain liquid moisture transport behaviour in three multiple directions: 
spreading outward on the upper surface of the fabric, transferring through the fabric from the 
upper surface to the bottom surface and spreading outward on the lower surface of the fabric. 
A series of indexes are defined and calculated to characterise the liquid moisture management 
performance of the test samples [8, 9].  They are as follows: 
 
Fig 3.8: Symmetrical view of MMT (right)[8] and fabric testing chamber (left). 
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a) Wetting time WTt (top surface) and WTb (bottom surface) in seconds:  
WTt and WTb are the time periods in which the top and bottom surfaces (respectively) of the 
fabric just start to get wet after the test commences and is defined as the time (s) when total 
water content slope in the measurement curves become greater than TAN (15°). 
b) Maximum absorption rates MARt and MARb (%/second):  
MARt (MARb in case of bottom surface) is the maximum moisture absorption rates of the fabric 
top surfaces and is defined by Equation 3.9 [8]: 
MARt = Max (Slope(Ut)) …… Eq. 3.9 
c) Maximum wetted radius MWRt and MWRb (mm): 
MWRt (MWRb for bottom surface) is the maximum wetted ring radius at the top (or bottom 
for MWRb) surface where the slope of total water content become greater than TAN (15°).  
d) Spreading speed SSt and SSb (mm/sec):  
SSt  is the speeds of the moisture spreading on the top fabric surfaces (to reach the maximum 
wetted radius. SSb denotes the same for bottom surface. They are defined by Equations 3.10 
and 3.11 [8]: 
SSt = (MWRt) /twrt …… Eq. 3.10 
and  
SSb = (MWRb)/twrb …… Eq. 3.11 
where: twrt and twrb are the times to reach the maximum wetted rings on the top and bottom 
surfaces, respectively.  
e) Cumulative one-way transport capacity (OWTC): 
The difference of the cumulative moisture content between the fabric surfaces in unit testing 
time is termed as OWTC. It is defined by Equation 3.12 [8]: 
OWTC = ( ∫Ub- ∫Ut)/T …… Eq. 3.12 
Here T is total testing time.  
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f) Overall moisture management capacity (OMMC):  
This index shows the overall ability of the fabric to manage the transport of liquid moisture. 
Three important aspect of performance are involved in this index. These aspects are the 
moisture absorption rate of the bottom side, OWTC and moisture drying speed of the bottom 
side, as represented by the maximum spreading speed. OMMC is defined by Equation 3.13 [8]: 
OMMC = C1 ´ MARb + C2  ´ OWTC + C3 ´ SSb …… Eq. 3.13 
where: C1, C2 and C3 are the weights of the indexes of MARb and there values are 0.25, 0.5 
and 0.25 respectively. 
After testing of the samples, the results were analysed by using Table 3.2. 
Table 3.2: Grading table to analyse moisture management properties [9] 
Index Grade 
1                            
2                            
3                            
4                       
5 
2 3 4 5 
Wetting time 
(s) 
Top ≥120 20-119 5~19 3~5 <3 
No wetting Slow Medium Fast Very Fast 
Bottom ≥120 20~119 5~19 3~5 <3 
No wetting Slow Medium Fast Very Fast 
Absorption 
rate (%/s) 
Top 0~10 10~30 30~50 50~100 >100 
Very slow Slow Medium Fast Very fast 
Bottom 0~10 10~30 30~50 50~100 >100 
Very slow Slow Medium Fast Very fast 
Maximum 
wetted 
radius 
Top 0~7 7~12 12~17 17~22 >22 
No wetting Small Medium Large Very 
large 
Bottom 0~7 7~12 12~17 17~22 >22 
No wetting Small Medium Large Very 
large 
Spreading 
speed (mm/s) 
Top 0~1 1~2 2~3 3~4 >4 
Very slow Slow Medium Fast Very fast 
Bottom 0~1 1~2 2~3 3~4 >4 
Very slow Slow Medium Fast Very fast 
One-way transport 
capacity 
<−50 −50 ~ 100 100~200 200~400 > 400 
Very poor Poor Good Very good Excellent 
Overall moisture 
management capacity 
0~0.2 0.2~0.4 0.4~0.6 0.6~0.8 > 0.8 
Very poor Poor Good Very good Excellent 
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3.2.9 Radiant heat resistance test 
A bench-scale experimental setup was developed in this study to measure the radiant heat 
protection of various layers of FPC assembly. The construction and working procedure of this 
instrument are discussed in Chapter 4.  
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CHAPTER 
FOUR 
DEVELOPMENT OF AN INSTRUMENT TO STUDY THE 
RESISTANCE OF MULTILAYER FABRIC AGAINST RADIANT 
HEAT 
4.1 Introduction 
Radiation is the main medium of heat transfer from fire to firefighter. The protective clothing 
a firefighter wears is required to have good capability to resist this incoming heat radiation. 
Various types of fibre, fabric and other material offer different levels of protection against heat 
radiation. The instruments used to measure the protective capability of fabric against radiant 
heat are normally expensive and in many cases unable to measure heat resistance behind each 
layer of a multilayer combination simultaneously. In the current study, a bench scale and easy-
to-operate instrument was developed to measure the radiant heat protection performance of the 
prepared samples in multilayered configurations. Normal wooden frames, domestic aluminium 
foil, free open source software and temperature sensors were used to develop the instrument. 
This instrument was used in all the stages of the study to measure radiant heat protection and 
predict pain alarm time, second-degree burn time, etc.  
4.2 Construction of bench-scale test apparatus 
The instrument consists of data-logger software, couple of heat sensors, wooden specimen 
holders, a test chamber, an aluminised heat protective shield and a radiant heat source. The 
data logger was fitted with an NI4350 high-precision temperature and voltage meter 
(manufactured by National Instruments, Ireland) which records time–temperature curves 
through the ‘VirtualBench-Logger’ software. This is commercial software which can be 
replaced with the open source data logger software Tera Term [1]. The whole assembly was 
placed in a wooden test chamber, as shown in Fig 4.1. 
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Fig 4.1: Bench-scale test apparatus for radiant heat measurement. 
The specimen holder: The sample holder has one bottom and one top frame. Both frames have 
grooves in the similar position which create channels when combined, for inserting the cables 
of the temperature sensors. The top frame has an exposure window which allows the radiation 
heat fluxes to fall on the sample. The complete specimen holder is wrapped in aluminium foil 
to prevent heat penetration to the sample except through the exposure window. The grooves of 
the top and bottom frames are insulated around the cables to prevent any heat leakage towards 
the sample. Four screw holes are created to tightly hold the test specimen between the top and 
bottom holders during experiments.  
The test chamber: The test chamber is a wooden box which contains slots at set distances to 
insert the specimen holder in variable positions. Each slot is 50 mm apart to offer sample 
exposure at variable heat intensity. The far end of the box has a hole in which to insert the heat 
source at a precise position, as shown in Figure 4.1, so that the heat can be directed to the centre 
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of the exposure window. The box stays in an environmentally controlled room to ensure 
uniform temperature and humidity for all test specimens.  
Heat shield: The heat shield was prepared by wrapping a rectangular wooden block in 
aluminised fabric. The size of this shield is larger than the specimen holder to ensure sufficient 
covering of the sample from incoming heat fluxes before the exposure begins.  
Temperature sensors: The LM35CAZ/NOPB analogue temperature sensor (Fig 4.2) from 
Texas Instruments [2] was used to measure the temperature. The maximum measuring 
temperature of this sensor is 110 °C with an accuracy level of ± 0.2 °C and a sensor gain of 
10mV/°C. The physical dimensions of the sensor are 5.2 mm × 4.19 mm × 5.2 mm. 
 
Fig 4.2: Temperature sensor. 
Data logger software: Initially the commercial VirtualBench-Logger software fitted with the 
NI4350 high-precision temperature and voltage meter were used. However, due to software 
problems, we changed to the open source terminal emulator software ‘Tera Term’ with an 
‘Arduino Uno’ microprocessor running software developed in-house by our technical support. 
This was used to log temperature data after every 2 seconds.  
Heat source: An IR lamp and blackbody hot plate were used as radiant heat sources. The hot 
plate has a temperature controller to maintain a set temperature. Maximum temperature for this 
hot plate is 250 ºC. 
Sample configuration: A sample can be tested in a single-layer or multilayer configuration. 
In a multilayer configuration, sensors are placed behind each layer of the fabric sample, 
whereas in a single-layer configuration, sensors are placed only behind the last / innermost 
layer. Thus, in a multilayer configuration, step-by-step temperature changes can be measured 
behind each of the fabric layers, and in a single-layer configuration, the overall temperature 
Page 92 of 210
	
	
	
change due to several layers of fabric sample is measured behind the innermost layer. In our 
case, we had three grooves in the specimen holder to insert three temperature sensors. This was 
arranged for measuring the temperature change behind each of the three layers of the FPC, that 
is, behind the outer layer, moisture barrier and thermal liner, as shown in Fig 4.3.  
 
Fig 4.3: Placement of sensors (from top left): sensor placed behind thermal liner; thermal liner 
covering sensor; sensor placed behind moisture barrier; (from bottom left): sensor behind outer layer 
as placed on top of moisture barrier; outer layer covering sensor; front plate placed on outer layer 
exposing the assembly through the window only. 
In a single-layer configuration, the sample placement is much easier. In this case, the sample 
is simply placed between the front and back plates and the front plate screwed tightly to 
eliminate any air gap. All three sensors measure the temperature from the back of each layer at 
the same time.  
4.3 Test procedure 
The test samples were exposed to the radiant heat source from a constant distance and at similar 
heat intensity. The experimental layers were set as ‘fabric-exposed-no space’ configuration as 
described in the NIST literature [3]. The data logger recorded the temperature changes with the 
time. Sensors were placed behind each layer of the fabric assembly, as shown in Fig 4.3. 
Figure 4.4 demonstrates the test procedure through 3D images. Sensors were placed behind the 
fabric layers (fabric is not shown so as to view the sensors in first figure) and also in front of 
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the fabric to measure the heat intensity. Before placing the samples in the test chamber, a heat 
shield (aluminised fabric) was placed in front of the radiant heat source. Then the specimen 
holder, consisting of sample and sensors in place, was placed in the chamber. Finally, the heat 
shield was removed and the data logging started. As soon as the heat shield was removed, high 
heat fluxes fell on the fabric top surface and gradually transferred to the innermost layer. The 
temperature changes were recorded in every 2 seconds.  
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Fig 4.4: Temperature sensors’ position and connection with computer through data logger (top); pre-
exposure setup with heat shield in place (middle); and sample exposure setup after removing heat 
shield (bottom). 
Finally, when the temperature behind the innermost layer reached the end point (55 ºC in our 
case), the heat shield was placed back, and the experiment was terminated. The data logger 
produced a time–temperature graph from the data recorded during the heat exposure and also 
produced a digital file for data analysis.  
4.4 Calibration and troubleshooting 
Before testing any sample, the instrument was calibrated in a conditioned room where the 
environmental temperature was constant. At first the apparatus was run without any fabric 
sample where all the sensors were exposed to the environment at the same time. Then the 
reading of each temperature sensor was monitored for any significant variation. Then the same 
procedure was repeated but the sensors were exposed to the heat source. When all the 
temperature sensors showed similar readings at room temperature and showed similar 
temperature rises during heat exposure, then it was taken that the instrument was ready for 
testing of samples. In case where the temperature variation was noted among different sensor 
readings when exposed to ambient temperature, it indicated either of the following two cases: 
Firstly, if all the three sensors showed temperatures other than the known ambient temperature, 
then this could be due to the fatigue of the sensors or data logger, or all of the sensors were out 
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of order, or the known temperature value in the conditioned room had changed. This issue 
could be resolved by restarting the test after allowing the samples to cool down for one hour, 
replacing the sensors or checking the ambient temperature reading. 
Secondly, if one or two sensors showed different readings while the other sensor showed an 
accurate reading of the ambient temperature, this was due to the failure of that particular sensor 
and it needed to be changed. 
Temperature variations could also be noted when exposed to the heat source. In this case, if 
the different sensors showed different readings, then either the incident heat intensity varied in 
different sensor positions, or a sensor was malfunctioning. To rectify this issue, the sensors 
could be interchanged to note the trend of temperature change. If the temperature change trend 
was the same as the first reading, then it could be assumed that the sensors were functioning 
properly but the heat intensity was different in different positions. On the other hand, if the 
trend of temperature change differed after the sensors were interchanged, then it was certain 
that one or two sensors were not functioning properly. Then it was recommended to replace 
the sensors and measure the temperature profile again.  
4.5 Conclusion 
The instrument developed in this study is quite simple to build and easy to operate for 
comparing the radiant heat resistance capability among various fabric samples. Similar 
commercial instruments produce real-time temperature curves during sample exposure. In our 
case, the Tera Term software translated the measured data from Arduino and showed them in 
a window, from where it could be printed or copied for data analysis and drawing graphs. Thus, 
although the instrument is not totally automatic, with a little manual effort it can be easily used 
to analyse the thermal performance of fabric samples against radiant heat. 
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CHAPTER 
FIVE 
COMBINED APPLICATION OF AEROGEL AND PCM IN FPC 
This research segment demonstrates the combined application of aerogel and PCM in FPC. 
The segment has three parts which are derived from the hypothesis as follows: 
 
 
 
 
 
 
 
 
 
 
The first section demonstrates how the thermal protection and comfort properties of FPC can 
be enhanced by incorporating both aerogel and PCM. Here eicosane has been used as the PCM 
material to infiltrate the aerogel particles. In the second section, the characteristics of the newly 
Aerogel and PCM can be used hand-in-hand in FPC to 
enhance performance and/or minimise the limitations of 
their individual use. Being heat-absorbing, PCM can 
reinforce the heat-protection capability of aerogel and 
reduce the risk of heat stress that may arise due to the 
blockage of body heat release by the aerogel layer. On the 
other hand, being porous, fire-resistant and heat-
insulating, aerogel can shelter PCM in its pores to enhance 
the flame resistance of PCM in FPC. 
Section	5.1	
Enhancing	protection	and	comfort:	
Aerogel	 with	 PCM	will	 provide	 better	 heat	
protection	 through	 their	 combined	 effect.	
When	 used	 next	 to	 skin	 on	 specific	
temperature	 range,	 PCM	 will	 absorb	 body	
heat	which	 is	 blocked	by	 aerogel	 layer	 and	
also	will	enhance	the	protective	performance	
of	aerogel	layer.	
Section	5.2	
Aerogel/PCM	composite:	
Aerogel	can	act	as	the	lightest	
possible	 carrier	 for	 PCM.	 Its	
nanopores	can	shelter	PCM	to	
form	stabilised	it	in	application	
media.	Thus,	aerogel	and	PCM	
can	be	applied	on	textile	as	an	
easy-to-use	coating	additive.	
Section	5.3	
Aerogel	 can	shield	
PCM:		
PCM	layers	behind	
aerogel	 will	 be	
better	 protected	
from	 the	 flame	 of	
flash	fires.	
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developed aerogel–eicosane microparticles are extensively studied, the preparation process is 
optimised and two more methods of preparing the same microparticles are introduced. Finally, 
in the third section, the flame protection of a PCM-containing thermal liner of FPC behind an 
aerogel layer has been studied. Thus, for the first time, this study has explored the potential of 
the combined use of PCM and aerogel in FPC. These three parts have resulted in the following 
three publications: 
Shaid, A., L. Wang and R. Padhye, The thermal protection and comfort properties of aerogel 
and PCM-coated fabric for firefighter garment. Journal of Industrial Textiles, 2016, 45(4), pp. 
611–625. http://jit.sagepub.com/content/45/4/611.full.pdf+html. 
Shaid, A., L. Wang, S. Islam, J.Y. Cai and R. Padhye, Preparation of aerogel–eicosane 
microparticles for thermoregulatory coating on textile. Applied Thermal Engineering, 2016, 
107, pp. 602–611. www.sciencedirect.com/science/article/pii/S1359431116311012. 
Shaid, A., L. Wang, S.M. Fergusson and R. Padhye, Effect of aerogel incorporation in PCM-
containing thermal liner of firefighting garment. Clothing and Textiles Research Journal, 2018, 
36(3), pp.151–164. https://doi.org/10.1177/0887302X18755464. 
Page 98 of 210
	Section I: Protection and comfort analysis.  
5.1 The thermal protection and comfort properties of aerogel and PCM-coated 
fabric for firefighter garment.  
Shaid, A., Wang, L., & Padhye, R. (2016). The thermal protection and comfort properties 
of aerogel and PCM-coated fabric for firefighter garment. Journal of Industrial 
Textiles, Vol 45 Issue 4, pp. 611-625. 
The background information regarding the test results of this chapter has been included in 
Appendix C.1. 
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Abstract
The study evaluates the simultaneous use of aerogel and phase change material (PCM)
on the face cloth of thermal liner in firefighter’s protective garment. Aerogel is com-
monly used to resist incoming heat flux in the field of high heat protection and to
prevent the loss of body heat in the cold environment clothing. In high heat protection
clothing, aerogel not only resists the incoming heat fluxes but also blocks the outbound
body heat. As a result the wearer suffers from internal increase of body temperature.
Previous studies identified the potential use of aerogel in firefighter’s protective cloth-
ing. However there was no clear approach to resolve the problem associated with body
heat release. Current study focuses on the problem by applying PCM along with aerogel
on fabric. The ambient-side of a thermal liner face cloth was coated with silica aerogel
particles; meanwhile, the next to skin side was coated with PCM/aerogel composite
powder. The new thermal liner revealed superior thermal protection and comfort. It
extended the time to reach pain threshold and increased the pain alarm time. The
Fourier transform infrared analysis of the aerogel/PCM composite powder showed
the presence of PCM in nanoporous aerogel particles while the differential scanning
calorimeter quantified the heat absorbing capacity of the new composite powder.
Scanning electron microscope, air permeability tester, and jPOR macro of ImageJ soft-
ware were used for the surface characteristics and porosity analysis of coated liner. The
thermal stability of the composite powder was investigated through an infrared thermal
camera. No dripping or form deterioration was observed when the composite powder
was heated over a temperature three times above the melting temperature of the pure
PCM.
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Introduction
Designing protective clothing for firefighters is a challenging task as it requires
making a compromise between two crucial but conflicting factors, i.e. maximizing
thermal protection and minimizing heat strain [1,2]. Thermal protection
is undoubtedly the primary concern; however, its eﬀects on metabolic heat
stress is also a very important consideration [3]. Hence the firefighter’s protective
clothing (FFPC) needs to be built with a balance of these two factors. The
current study aims to enhance the thermal protection of FFPC along with a
balance of comfort by using aerogel and phase change material (PCM)
simultaneously.
In case of thermal protection, the use of aerogel is a growing interest and several
studies reported the use of aerogel in FFPC. IUPAC defined aerogel as a gel which
is composed of a porous solid where the dispersed phase is a gas [4]. It is basically
an extremely light weight nanoporous material, derived from a gel by replacing its
liquid component with a gas [5]. Among diﬀerent types of aerogel, silica aerogel has
several fascinating properties. Silica is nonflammable and thermal conductivity of
silica aerogel is significantly lower than air under same condition [6]. It has high
specific surface area (!1000m2/g), high porosity (>90%), low thermal conductivity
(!0.015W/mK), low bulk density (!0.1 g/cm3), and hydrophobicity [7–13]. Hence,
silica aerogel has bright prospect to be used in fire protective clothing. Qi et al. [14]
investigated the thermal protective performance of aerogel in FFPC by placing
aerogel beside thermal liner. Shaid et al. [15] investigated the thermophysiological
properties of aerogel particle coated fabric. Jin et al. [16,17] padded nonwoven
fabrics with aerogel particles and used it in thermal liner. They found that aerogel
can improve the thermal protection but it reduces the water vapour transmission of
the thermal barrier which in turns decreases the comfort. There is no doubt that
aerogel resists heat flow, which is a desirable property for FFPC from the perspec-
tive of incoming heat flux. However, from the view of internal heat release from the
body, it could be a detrimental property for FFPC. The firefighters burn consid-
erable amount of calorie during their rigorous activities, causing excessive release
of body heat. The protective gear they wear is usually thick and heavy multilayered
garment to provide them necessary protection in their work environment. The
combination of these two facts makes them experience discomfort and extra
stress. Hence, the benefits of extraordinary flame protection and heat insulation
properties of aerogel can only be eﬀectively utilized when suﬃcient release of body
heat can be assured. There are several reports available [14–17] where aerogel was
used in FFPC to enhance the thermal protection. However, to the best of our
knowledge, no literature discussed on what will be the means to minimize the
body heat when aerogel blocks the heat release.
612 Journal of Industrial Textiles 45(4)
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A newly focused idea is to use phase change material in the FFPC. PCMs are
either organic, inorganic, or eutectics [18]. However the first two types are in main
interest, especially the organic PCMs. Inorganic PCMs are generally various salt
hydrates, nitrates and metallic compound. These types are not suitable in current
application due to their supercooling and incongruent melting behavior [19].
Organic PCMs with phase transition around 18–65"C are suitable for thermal com-
fort applications in textiles [20] as they show consistency in repeated use. In this
study, eicosane (C20H42) was used as phase change material. It is an organic phase
change material having phase transition temperature around 37"C, which is close to
human body temperature. The use of PCM for fire protection garments has been
gaining interest in recent years. McCarthy et al. [21] incorporated PCM in FFPC by
sewing diﬀerent types of commercially available form stable PCM between the
batting and face cloth of the thermal liner whereas Zhu et al. [22] quilted the
same between various layers. Isabel Cardoso et al. [23] and few other researchers
used microencapsulated PCM (mPCM) in FFPC to enhance the thermal protection.
Rossi and Bolli [24] integrated mPCM into foam and then coated the foam on a
liner. To achieve higher vapour permeability they applied the foam as a form of
blister or small bubble around 3mm diameter and in a distance of 1mm among
them. Buhler et al. [25] also used the same application process and further studied
the application for diﬀerent types of PCM. There are few other studies where math-
ematical models showed the good prospect of PCM incorporation in FFPC [26–30].
In all these studies, PCMs were used as a shield for the protection from heat which is
a passive way of protection from heat by absorbing external incoming heat flux.
This paper shows the application of PCM as an absorber of outbound body heat.
Nanoporous aerogel particle was used as thermal protection aid and an aerogel/
PCM composite powder was used to absorb metabolic heat to enhance thermal
comfort. Thus the research presents a practical approach to use PCM with aerogel
as to achieve added thermal protection, without sacrificing comfort.
The temperature between the thermal liner and the firefighter’s under garment
can reach from 48"C to 62"C before receiving burn [31]. In diﬀerent studies [32,33],
it has been identified that the pain threshold of human skin is around 44"C. When
the skin temperature exceeds this threshold, the absorbed energy determines if and
how severe burns will be received [34]. Then the skin receives second degree burns
when skin temperature approaches to 55"C [21]. Thus there is a time gap between
start to feel pain and to receive second degree burn. The time between the two
points, i.e. the time when the skin starts to feel pain and when it receives irreversible
burns, is called the pain alarm time [24]. Hence in designing protective clothing, the
temperature behind the thermal liner is decisive. The lower temperature behind the
thermal liner, the cooler skin temperature will be. In the current study, skin tem-
perature of any live human subject was not investigated, rather the temperature
behind the thermal liner face cloth was considered as skin temperature. The time
required to raise the temperature behind thermal liner was recorded and the per-
formance of proposed thermal liner was analyzed in regards to time delay to pain
threshold and pain alarm time.
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Experimental
Materials
Laboratory grade PCM (n-eicosane), heptane and ammonium sulphate were
obtained from Sigma-Aldrich. Enova aerogel particles of particle size 7 to 11 mm
(average pore diameter of 20 nm) was sourced from Cabot Corporation and used as
received. Coating paste was purchased from Permaset, Australia [35] and used
without modification. The face cloth of the thermal liner was 135 g/m2 100%
nomex plain woven fabric from Bruck, Australia; moisture barrier was
‘‘Steadair3000 moisture barrier’’ from Stedfast; and outer layer was 220 g/m2
100% Nomex plain woven fabric, also sourced from Bruck, Australia.
Methods
Eicosane was heated to 80"C, about two times its melting point, to achieve ade-
quate fluidity of molten PCM as to ensure better penetration into nanoporous
aerogel structure. Then aerogel particles were added slowly into the hot molten
PCM with continuous stirring. The mixture was stirred with a high speed stirrer at
80"C to prevent the aggregation of aerogel particles. After two hours it was filtered
with a glass-filter paper with conjunction of a suction filtering mechanism. Then the
residue was washed in heptane and dried under a fume hood at room temperature
until the solvent evaporates. Finally it was dried at 120"C in a vacuum oven to
evaporate the excessive eicosane on the aerogel particle surface and residue solvent.
A powdery eicosane/aerogel composite was obtained.
The face cloth of thermal liner was coated with prepared eicosane/aerogel com-
posite powder on the next to skin side and with nanoporous aerogel particles on the
other side by using SV-MATIS laboratory coating machine. The coated fabric was
dried at 60"C and cured at 130"C. For comparison, another piece of fabric was
coated on both sides with the binder paste that contain neither aerogel nor com-
posite powder, dried and finally cured. The thermal liner containing aerogel par-
ticle on ambient-side and PCM composite on skin-side, was coded as ‘‘S1’’ and the
latter one was coded as S2 (Figure 1(b)).
Characterization and thermal analysis
A Fourier transform infrared spectroscope (Perkin Elmer precisely Spectrum 400
FT-IR) was used for the chemical characterization of composite powder within the
range of 650 cm#1 and 4000 cm#1. The total heat absorption capacity was deter-
mined with a diﬀerential scanning calorimeter (DSC). Infrared thermal imaging
technique (by using a FLIR T400 IR camera) was used to observe the thermal
stability of the composite powder in respect to pure PCM. A FEI Quanta200
scanning electron microscope was used to analyze the surface morphology of the
coated liner. The porosity of the coated thermal liner fabric was analyzed by jPOR
macro in ImageJ software which is a recognized procedure for determining
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porosity [36]. Then the air permeability was also measured by using a SDL air
permeability tester according to EN ISO 9237:1995 test method to practically jus-
tify the porosity results.
Finally, thermal performance of the coated fabric was investigated by a data-
logger. The data logger was fitted with NI4350 high precision temperature and
voltage meter (manufactured by National Instruments, Ireland) which records
time–temperature curve through ‘‘VirtualBench-Logger’’ software. The test
sample (150mm$ 100mm) was same as firefighter’s clothing assembly which com-
posed of an outer shell, moisture barrier and thermal liner as shown in Figure 1
where the thermal liner was prepared by joining S1 and S2 side-by-side (Figure 2).
Normally a thermal liner is composed of one face cloth and one or more layers of
batting material. In current study, the batting material from the thermal liner was
separated to open the surface of the face cloth for coating. Hence, in the clothing
assembly, only the coated face cloth was placed as thermal liner. The sample was
exposed at a distance of 10 cm to a hotplate which was set at 250"C. The experi-
mental layers were set as ‘‘Fabric-Exposed-No Space’’ configuration as described in
NIST literature [37]. More or less similar bench-scale experimental configurations
were also used previously by other researchers [21,38,39]. The heat source for the
previous studies was produced by an air/natural gas fuelled radiant panel whereas
in this case it was produced by a hot plate heated to 250"C. The data-logger
Figure 1. Test sample combination: (a) actual view of different layers and a schematic diagram of
multilayer fabric structure (b) liner coatings.
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recorded the temperature changes with the time. Sensors were placed behind each
layer of the fabric assembly as shown in Figure 2.
Results and discussion
The eicosane-aerogel composite powder had a calculated PCM loading of 550% on
the weight of aerogel. The add-on of composite powder was around 12% on the
weight of the fabric. The FTIR spectra, DSC thermo graph and form-stability of
composite powder are discussed in the following sections. The thermal perform-
ance of the coated fabric is also analyzed at the end.
Characterization of composite powder
The presence of eicosane and silica structure in the composite powder was verified
by comparing the FTIR spectrum (Figure 3) of pure eicosane and silica aerogel
with that of the composite material.
Figure 2. Schematic diagram of the (a) thermocouple sensor’s position on various layers,
(b) their cross-sectional view and experimental set up.
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In FTIR spectra of eicosane, the peaks around 2848, 2912, 2954, and 2961 cm#1
are the stretching vibration of C–H bond [40] that presents in eicosane. The peak at
1471 cm#1 belongs to the bending/rocking vibration of –CH3. Peaks at 1371 cm
#1
arose due to the characteristic bending absorption of methylene group. In addition,
the peaks at 717 cm#1 is the long chain band rocking vibration of CH2 groups
which is common in all alkanes [40]. The FTIR spectra of aerogel shows an intense
peak around 1089 cm#1 which is the typical bending vibration of Si–O [41]. The
peak at 843 cm#1 is due to the bending vibration of Si–O [41,42] and the peak at
948 cm#1 is for the stretching vibration of Si–OH [43].
For the composite, the peaks around the wave number of 2919, 2851, and
2955 cm#1 are the common peaks of eicosane with equivalent vibration. The com-
posite also showed peaks at wave number 1056 and 842 cm#1 having corresponding
vibration of pure silica aerogel. No significant new peaks were observed in com-
posite powder. Thus it can be concluded that the composite powder is simply a
physical macro-confinement and co-existence of silica aerogel and eicosane.
Analyzing thermal stability of eicosane/aerogel composite powder
The thermal image analysis of the composite powder showed (Figure 4) that the
entrapped eicosane is stable even at a temperature more than three times above the
melting point of pure eicosane. Aerogel does not melt at high temperature. Hence,
the main concern of the current study was about the melting of eicosane which may
result in the dripping out of PCM from aerogel particles. To compare the dripping
Figure 3. FTIR spectra of pure eicosane, aerogel particle and eicosane-aerogel composite
powder.
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behavior, the composites powder and pure eicosane were placed on a hotplate at a
temperature around 120"C. Then the temperature change was recorded and ther-
mal images were taken by a FLIR T400 Infrared thermal camera. Two observation
spots were taken as ‘‘spot 1’’ and ‘‘spot 2’’ on composite powder and pure eicosane,
respectively. It was found that, eicosane sample melt completely within 5 minutes
while there was no visible change in composite powder. At this time, the tempera-
ture of the molten eicosane reached above 72"C and the temperature of the com-
posite powder was below 55"C. This temperature diﬀerence indicates the impressive
thermal resistance of nanoporous aerogel particles and the evidence of the superior
thermal resistance of composite powder.
There were no sign of physical change or melt dripping in composite powder
during heating experiment. Hence, it can be said that the PCM will not drip out
from the applied thermal liner when it is exposed to high temperature.
One main concern of the proposed embodiment may be the completion of phase
transition by the incoming external heat fluxes before the body temperature started
to rise in phase transition zone. If it is the case, then it proves that some portion of
external heat fluxes has to be absorbed by the PCM, which in turn will also slow
down the temperature rise in skin-clothing microclimate. This slowing down of
temperature in skin-clothing microclimate will again eventually help to cope with
the heat stress. Hence, the simultaneous use of aerogel and PCM in firefighter
protective clothing is undoubtedly capable of improving protection and comfort.
Analyzing thermal protection and comfort
The thermal protection and comfort of the thermal liner face cloth has been deter-
mined through analyzing the porosity, temperature profiles and DSC thermograph.
Figure 4. Observation of the form stability of composite powder by heating at 120 "C and
comparing the melting behavior with pure PCM.
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In a complete FFPC, the face cloth of thermal liner stayed behind the moisture
barrier which is wind and water proof. The face cloth S1 is expected to be imper-
meable to air as it was coated on both sides with aerogel and PCM that created
binder films on both surfaces. The porosity measured by using jPOR macro in
ImageJ software identified that the uncoated fabric had 14% porous area which
reduced to 3.9% on composite powder coated surface and 4% on aerogel coated
surface. The SEM images in Figure 5 show that both the coated surfaces have been
significantly covered by binder film, leaving very few pores exposed. The actual
understanding of the porosity of coated fabric can be determined comparing air
permeability of coated fabric with its uncoated version. In current case, the air
permeability testing results supported the expectation by showing that the coated
fabric is impermeable to air. The normal uncoated fabric showed air permeability
of 98.53mL/cm2/s at 10 Pa while none of the coated fabric samples (S1 and S2)
showed any indication of air flow at 10 Pa or even 100 Pa. However, when the
pressure drop was increased to 500 Pa, coated samples showed air permeability of
4.5 and 1.5mL/cm2/s respectively for S1 and S2. This analysis indicates the imper-
meable nature of coated fabric as anticipated which is beneficial from protection
perspective as it will enhance the resistance to convective heat transfer.
To test the thermal resistance, temperature changes behind each layer of FFPC
assembly were analyzed. The time–temperature graph in Figure 6 shows that the
face cloth S1 had superior thermal protection, in terms of temperature raise behind
thermal liner, against incoming heat fluxes from an external heat source. The fire-
fighter clothing assembly was exposed to a 250"C heat source at 10 cm distance.
The temperature behind the outer shell fabric (sensor P4) immediately raised above
70"C within the first few minutes and then gradually became stable around 80"C.
Temperature between moisture barrier (sensor P3) and thermal liners (sensor P1
and P2) rose comparatively at a slower rate. The temperature behind the face cloth
of thermal liner increased very slowly and after 21min 42 s it reached around 55"C
for S1 and around 65"C for S2. Second degree burn takes place generally at 55"C.
Hence, the test was stopped when the temperature behind the inner most layer
Figure 5. SEM images of coated and uncoated fabric surface showing the presence of binder
film which covers the pores in fabric.
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reached to 55"C. Now two vital points, the time to reach pain threshold and time to
receive burn, can be identified from Figure 6. Face cloth S2 took 4min 42 s before
reaching a point when the wearer would start to feel pain and took 9min 45 s before
the wearer would theoretically receive burn. This time frame was 10min 30 s and
21min 42 s respectively for the face cloth S1. Hence, it can be said that the face
cloth S1 delayed the time to ‘‘pain threshold’’ for 5min and would be able to
provide extra 11min to the wearer before receiving burn in the current experimen-
tal situation. In general, it may be argued that if the developed face cloth, i.e. S1
could actually provide extra 5min to the firefighter before feeling thermal pain. The
standard deviation of time to pain threshold was found only 0.3min. Hence, it is
certain that the face cloth S1 is capable of extending time to pain threshold and
pain alarm time for firefighters. As a result, the temperature between skin-clothing
microclimate will remain in comfort zone for longer duration and also the possi-
bility of second degree burn injury will be lowered. This extended time frame or
time delay to discomfort is the evidence of enhancing comfort and protection by
the aerogel/PCM embedded face cloth.
Furthermore, the phase change behavior of embedded PCM and the resultant
extra time allowance in the comfort zone of wearer can be explained through the
rate of temperature change. The temperature diﬀerence curve between S2 and S1
shows the rate of temperature change. The changes can be noted in three stages. In
the first stage, higher rate of temperature change can be seen from a sharp upward
Figure 6. Time–temperature profiles.
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trend in the temperature diﬀerence graph. The sharp upward trend indicates the
slowest temperature increase of S1 in the melting zone of eicosane. Hence it can be
assumed that the embedded PCM went through a phase change process at this
stage, slowing down the temperature increase of S1 in comparison to S2. In the
second stage, a relatively stable temperature diﬀerence (i.e., nearly zero rate of
temperature change) between S2 and S1 was observed which is most likely due
to the ‘‘near to completion’’ status of phase change process of the embedded PCM.
Finally at the third stage when the phase changes completed, the temperature
diﬀerence between S2 and S1 was minimizing, showed a down trend in the curve
and rate of temperature change initiated with a reverse trend. As the average
human body temperature fall in the range of 36.1–37.2"C [44,45] and the maximum
phase transition of the embedded PCM on skin-side occurs at 37–39"C, the body
temperature will start to rise beyond this phase transition. However, the body
temperature will not increase as long as the outbound heat fluxes will find any
way to be mitigated. The embedded phase change material will act as a mitigation
media by absorbing the outbound body heat. The PCM embodiment in the skin-
side of face cloth oﬀers the best opportunity to absorb outbound metabolic heat
than its embodiment in any other layer. Hence, it is more likely that the embedded
PCM will go for phase transition by metabolic heat fluxes and will slow down the
body temperature raise.
A firefighter can produce around 300–500W during their 15min work [31] and
Pause estimated that roughly around 40 to 60 kJ energy is required to be stored by
PCM in order to provide cooling eﬀect and to avoid heat stress over a desired
period [46]. The DSC graphs in Figure 7 shows that each gram of composite
powder is capable of taking 177 J of heat energy, which indicates that roughly
338 g of composite powder coating uptake will be required to provide eﬀective
cooling eﬀect for the amount of time as described above.
Figure 7. DSC thermograph of the composite powder.
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The amount of metabolic heat absorbed by the embedded PCM will mainly
depend on the actual amount of PCM present to go through phase transition
and on its melting enthalpy (!Hm). The SEM images in Figure 5 give an idea of
the amount of PCM composite powder on the fabric surface in current investiga-
tion. From the three stage observations of temperature changes in Figure 6, it is
obvious that if the amount of PCM increased in S1, then the first stage will be
elongated. As a consequence, the treated liner will be capable to oﬀer more extra
time to the firefighter before they will feel pain or receive burn.
Conclusion
The thermal protection and comfort of proposed thermal liner’s face cloth is inves-
tigated by applying nanoporous aerogel particles on the ambient side of the face
cloth and composite of phase change material on the next to skin side. The aim of
this study was to enhance protection against incoming external heat flux by the
addition of aerogel and to overcome the body heat blockage problem of aerogel
embedment through the incorporation of PCM. The study identified that the sim-
ultaneous use of PCM and aerogel can oﬀer superior thermal protection and com-
fort in terms of pain threshold and pain alarm time. The PCM/aerogel composite
powder was also found to be stable at elevated temperature which indicates its
practicality and safe use in skin side of the face cloth. It is certain that the final
performance of the proposed combination will depend on the amount of PCM for
phase transition and its melting enthalpy. The enhancement of protection and
comfort due to proposed combination is inevitable and proven by the current
study.
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Section II: Aerogel-PCM coating additive for combined use  
5.2 Preparation of aerogel-eicosane microparticles for thermoregulatory coating 
on textile.  
Shaid, A., Wang, L., Islam, S., Cai, J. Y., & Padhye, R. (2016). Preparation of aerogel-
eicosane microparticles for thermoregulatory coating on textile. Applied Thermal 
Engineering, Vol 107, pp. 602-611. 
The background information regarding the test results of this chapter has been included in 
Appendix C.2. 
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h i g h l i g h t s
! Form-stable eicosane/aerogel microparticles were prepared with PCM infiltration.
! The microparticles have higher heat capacity than PCM encapsulated particles.
! The microparticles show superior heat resistance and thermal regulation capability.
! The microparticles can be used as coating additive for heat protective materials.
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a b s t r a c t
Aerogel/eicosane microparticles were prepared by dispersing nanoporous silica aerogel powder in a
liquid of phase change material (PCM), eicosane. Melt-infiltration (M), solvent-dissolving (D) and com-
bined melt-dissolving (MD) for particle dispersion were investigated. Differential Scanning
Calorimetric thermograph indicated that microparticleM has maximum heat capacity of 198 J/g whereas
the heat capacity of microparticles D and MD was found to be 139 J/g and 144 J/g, respectively. FT-IR and
SEM analyses of the microparticles revealed that the eicosane infiltrated and coated the fine aerogel par-
ticles but the microparticles still remained in the powder form. The nanoporous aerogel structure held
the infiltrated eicosane while the ultra-high specific surface area of silica aerogel kept the surrounding
eicosane in situ by surface tension. Infrared thermal imaging showed that the eicosane did not drip out
from the microparticles even at 120 !C, whereas the pure PCM completely changed phase to fluid when
heated. The developed microparticles provide ease of coating application in room temperature for ther-
mal protective textiles. The coated fabric showed significantly improved thermal resistance over the
speculated phase transition period of the PCM. This opens up the opportunity for the developed
microparticles to be utilised as a thermal protective coating additive in a wide temperature range without
melting or dripping out from the applied substrates.
" 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Aerogel is an exceptionally light weight synthetic material
which possesses high thermal insulation, ultra-high porosity and
high surface area [1,2]. The advent of aerogel was primarily
intended for aerospace applications [3]. In recent years, impressive
heat insulation property of aerogel has been successfully utilised in
different fields, such as retrofitting of sensitive building structure
[4], oil and gas pipelining thermal insulation [5], industrial cryo-
genic applications [6], and cold weather outdoor gears to preserve
body heat [7]. Research on aerogel applications in textiles has so
far been limited to a few studies such as coating aerogel on a
wool-Aramid blended fabric for thermophysiological comfort [8],
padding aerogel on nonwovens for fire fighter’s protective clothing
(FFPC) [9], treating polyester/polyethylene nonwoven blankets
with aerogel for use in extreme temperature [10] and forming an
aerogel composite with polytetrafluroethylene [11].
A phase change material (PCM) is mainly used to store heat and
release the heat as needed. There are numerous methods available
where either pure PCM or microencapsulated PCM (mPCM) was
applied on textile substrates at different stage of manufacturing,
ranging from fibre to finished garment [12–18]. The direct and
more conventional use of the heat storage capability of PCM can
be found in cold weather outdoor gears [19,20] where PCM absorbs
and stores body heat and then releases it when required. PCM can
http://dx.doi.org/10.1016/j.applthermaleng.2016.06.187
1359-4311/" 2016 Elsevier Ltd. All rights reserved.
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also be used as a passive way of heat protection [21–23]. In this
case, the PCM absorbs the external incoming high heat flux to pro-
tect the body to a certain extent. However, PCMs are required to be
stable at liquid phase for any practical application. This is to pre-
vent the movement of PCM from applied substrate during phase
transition. Encapsulation and trapping PCM inside a porous media
are two common methods of phase stabilisation (Fig. 1). In the
encapsulation method, a shell holds the liquid PCM in place. The
core-shell like encapsulation of PCM is intensively studied and
reported in the literature [24–29].
The use of aerogel in conjunction of phase change material for
thermoregulation applications is comparatively a new field of
interest and yet to be explored to its full potential. Eicosane is a
PCM that changes its phase around body temperature; hence, it
is of great interest for thermoregulatory application for human
body. This study reports the methods of producing eicosane/aero-
gel microparticles and the application of the microparticles for
thermoregulatory coating on textiles.
Alkan et al. [24] encapsulated eicosane by coating with poly-
methylmethacrylate shell. The latent heat of melting and crystalli-
sation of this type of microencapsulated eicosane was found as
84.2 and " 87.5 J/g, respectively. In a more recent study Alkan
et al. [25] introduced such encapsulation with a functional outer
surface (methacrylates-co-acrylic acid) and the thermal energy
storage capacity was found 50.9–90.9 J/g. Lan et al. [26] used poly-
urea as shell material to encapsulate eicosane where the latent
heat was 123.2 J/g. Urea-formaldehyde was used to encapsulate
eicosane by Tseng et al. [27] and the phase change energy was
found to be 148 J/g. Calcium carbonate shell was also used for
encapsulating n-eicosane by Yu et al. [28], where the latent heat
was found around 64.98–80.88 J/g. Mohaddes et al. [29] showed
the use of melamine-formaldehyde shell to encapsulate eicosane
in a modified method for textile thermoregulating applications.
The latent heat of fusion of melamine-formaldehyde encapsulated
eicosane was found 164 J/g which was higher than previous
reports. Nevertheless, the shell material adds unwanted weight
and significantly reduced the latent heats of mPCM. Another draw-
back of such core-shell encapsulation method is that the shell pre-
vents the direct exposure of PCM to heat, which delays the thermal
response time.
In the infiltration method, a porous material absorbs the PCM,
which then results in a higher proportion by weight of PCM, and
makes this method potentially more suitable for garment. The
infiltration pathway in Fig. 1 enables more direct exposure of
PCM for quick response to temperature changes. The concept of
phase stabilisation of PCM using a porous matrix has been reported
in several studies and recently the form stabilisation of PCM with
ultra-porous aerogel structure is gaining more attention. For exam-
ple, carbon aerogel sticks were immersed in pure octadecanol to
study the photo-to-thermal energy storage behaviour [30]. Porous
silica was added into molten paraffin and silica aerogel into ery-
thritol to form composites by a melt infiltration method [31–33].
Palmitic acid was absorbed by grapheme nanoplatelets [34] and
by nitrogen-doped graphene [35]. Toluene was used as a solvent
and the PCM was absorbed by a vacuum impregnation method.
However, to the best of our knowledge, the preparation of silica
aerogel/n-eicosane form stable particles as a coating additive for
thermoregulation coating on textile surface has not been inten-
sively investigated. In a previous study, the authors showed such
application in case of thermal liner coating of firefighter’s protec-
tive gear [36] where eicosane was absorbed by porous aerogel par-
ticles through a melt infiltration process. As an extension to that
study, this research presents several methods to prepare such par-
ticles, compares their thermal properties and investigates the
applicability for thermoregulation coating on 100% meta-aramid
woven fabric. In this case, the form-stabilisation of PCM-aerogel
particles was achieved by impregnating silica aerogel particles in
liquid n-eicosane. Eicosane infiltrated through the nanopores of
aerogel particles and also deposited on the aerogel particle surface.
The capillary force of nanoporous structure and surface tension
endured from high surface area of aerogel particles were the mech-
anism of form stabilisation. Three approaches were considered for
infiltrating eicosane into aerogel structure including melting, dis-
solving and melt dissolving. Finally the properties of output prod-
ucts of the three methods were investigated and discussed in
detail. The present research used nanoporous aerogel particles
for form-stabilisation of eicosane where the latent heat of fusion
was found to be around 198 J/g which is higher than that reported
from previous studies.
2. Materials and Methods
2.1. Materials
Enova aerogel particles (IC3120) were obtained from Cabot Cor-
poration and used as received. Technical grade n-eicosane, heptane
Fig. 1. Schematic diagram of form stabilisation of PCM-encapsulation (top) and infiltration (bottom).
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and ammonium sulphate were sourced from Sigma-Aldrich. Textile
substrate was 100% meta-aramid woven fabric. Acrylic binder con-
taining coating inkwas purchased from Permaset, Australia. Table 1
presents some key properties of PCM and aerogel powder.
2.2. Methods
2.2.1. Preparation of eicosane/aerogel microparticles and coating on
fabric
Microparticles were produced in three different methods.
Firstly, pure eicosane was infiltrated into aerogel particles by a
melt infiltration process; secondly eicosane was infiltrated via sol-
vent dissolved PCM; and finally a combined melting and dissolving
process was applied. Fig. 2 represents a simplified diagram of the
overall process flow without complex dissolving, heating and fil-
tering stages. Table 2 shows the process parameters and composi-
tion of resultant microparticles.
2.2.2. Preparation of eicosane/aerogel particle with a melt infiltration
process
Eicosane was heated to 80 !C, about twice its melting point, to
achieve adequate fluidity of molten PCM and ensure better pene-
tration into the nanoporous aerogel structure. Then heated aerogel
particles were added slowly into the hot molten PCM, which was
continuously stirred with a high speed stirrer at 80 !C to prevent
the aggregation of aerogel particles. After 2 h the mixture was fil-
tered with a glass-filter paper with conjunction of a suction filter-
ing mechanism. Finally it was dried at 120 !C in a vacuum oven to
evaporate the excessive eicosane on the aerogel particle surface.
Powdery eicosane/aerogel microparticles were obtained and coded
as ‘M’ (for melting).
2.2.3. Preparation of eicosane/aerogel particle with a solvent PCM
dissolving process
In the second process, eicosane was first dissolved in heptane to
prepare a clear solution at room temperature. Then aerogel
particles were added into the solution, which was continuously
stirred with a high speed stirrer to prevent the aggregation of aero-
gel particles. No heating was applied as the solution had adequate
liquidity. After 2 h it was filtered with a glass-filter paper with con-
junction of a suction filtering mechanism. The residue was kept
inside a fume hood and heated at 120 !C to evaporate the solvent.
The powdery composite obtained in this process was coded as ‘D’
(for dissolving).
2.2.4. Preparation of n-eicosane/aerogel particle with a melt-dissolving
process
The process is the same as the previous processes where eico-
sane was dissolved in heptane and aerogel was gradually added.
However, the process was also supported by heating and maintain-
ing the mixing vessel to 80 !C. The microparticles obtained in this
method were coded as ‘MD’ (for melt-dissolving).
Table 1
Physical properties of PCM and aerogel powder.
n-eicosane Enova aerogel particles [37]
Melting temperature: 35.11 !C Pore diameter: # 20 nm
Melting enthalpy, DHm: 249 J/g Particle size: 100–1200 lm
Crystallisation temperature: 33.5 !C Surface area: 600–800 m2/g
Crystallisation enthalpy, DHc: 246.62 J/g Bulk density: 0.02–0.1 g/cc
Raw stage
PCM in solid state
Liquidation stage
Melting and/or 
dissolving PCM
Infiltration stage
Soaking aerogel in 
liquid PCM
Drying stage
Making form-stable 
microparticles 
Fig. 2. Simplified schematic diagram of the overall process flow.
Table 2
Process parameter and composition of microparticles.
Process parameter Melting Melt-Dissolving Dissolving
Eicosane (g) 160 50 50
Heptane (mL) 0 200 200
Aerogel (g) 10 10 10
Heating (!C) 80 80 N/A
Microparticles obtained (g) 63.73 40.06 36.21
Weight ratio in microparticles
(aeroel:eicosane)
1:5.4 1:3.0 1:2.6
Absorption % of PCM by Aerogel
(assuming no heptane residue
in microparticles)
537.3 300.6 262.1
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2.2.5. Coating on fabric surface
The application of microparticles in high heat protective cloth-
ing had been demonstrated at the final stage. Among the three
types, microparticle M had the highest PCM content. Hence, if
microparticleM can withstand the high temperature without drip-
ping out from applied substrate, then undoubtedly other two types
will do as well. Hence, microparticle M was coated on a fabric by
using SV-MATIS laboratory coating machine with a coat-dry-cure
method. The coated fabric was dried at 60 !C and cured at
140 !C. For comparison, another piece of the fabric was also coated
with the binder paste that contained neither aerogel nor micropar-
ticles, dried and finally cured. The fabric containing microparticles
was coded as ‘S1’ and the latter one was coded as ‘S2’.
2.3. Characterisation of PCM-aerogel powder
2.3.1. Differential scanning calorimetric analysis
Thermal energy storage properties and melting-crystallisation
temperatures of the developed PCM-aerogel microparticles were
determined by using a Pyris Differential Scanning Calorimeter
(DSC) over five thaw-freeze cycles in the temperature range from
10 to 60 !C, where the last cycle was to heat to 150 !C then back
to 10 !C. The tests were conducted under nitrogen purge (20 mL/
min) at a constant heating-cooling rate of 5 !C per minute. Finally
the mean value of five readings was reported.
2.3.2. Fourier transform infrared spectroscopy
PerkinElmer 400 FT-IR Spectrometer was used for the charac-
terisation of microparticles within the range of 650–4000 cm" 1.
2.3.3. Scanning electron microscopy (SEM)
The microstructures of the microparticles were observed using
a FEI Quanta 200 ESEM primarily for magnification range of 40–
2000$ and then by using FEI Nova NanoSEM for the magnification
range of 2000–200,000$ .
2.3.4. Infrared thermal imaging
A FLIR T400-series infrared camera was used to analyse the
form-stability of the developed microparticles and the insulation
behaviour of the fabric samples coated with the microparticles.
To compare the dripping behaviour, the eicosane/aerogel
microparticles and pure eicosane were placed on a hotplate at a
temperature approximately 120 !C. Then the temperature change
was recorded and thermal images were taken by the FLIR T400
infrared thermal camera.
3. Results and discussion
The produced microparticles had a powdery physique resem-
bling both aerogel (being particles rather than solid mass) and
eicosane (being opaque rather than transparent) as shown in
Fig. 3. The size of most aerogel particles was in the range of 400–
800 lm as shown in Fig. 4(a); whereas the developed microparti-
cles range from 100 lm to 800 lm where most of the particles
were below 300 lm as shown in Fig. 4(b). The particle size results
suggest that the microparticles produced were smaller than the
original aerogel particles. The high speed stirring that was used
during processing had broken the fragile aerogel particles into ran-
domly shaped smaller particles. Hence the particle size was not
distinctive among produced microparticles, rather than the fact
that these are smaller than their precursor aerogel particles.
After coating the fabric with the microparticle powder, the rel-
ative add-on weight percent of coated fabric was 30.05% on the
weight of fabric (WOF) according to Eq. (1) and the weight of added
microparticles was 10% according to Eq. (2).
Add on % ¼ ðW2 " W1Þ100
W1
ð1Þ
Weight % of microparticle powder on fabric ¼ WpðW2 " W1Þ100
W1ðWp þ WbÞ
ð2Þ
where W1 is the weight of uncoated fabric; W2 is the weight of
coated fabric; Wp and Wb are the weight of microparticles and bin-
der in coating paste, respectively.
3.1. FT-IR spectroscopy
The presence of eicosane and silica structures in the micropar-
ticles was verified by comparing the FT-IR spectrum of pure eico-
sane and silica aerogel particles with that of the microparticles.
The peaks of eicosane are circled and peaks of aerogel are boxed
in Fig. 5. Additionally major peaks are tabulated in Table 3.
In FT-IR spectra of eicosane, the peaks around 2848, 2913, 2954
and 2963 cm" 1 are the stretching vibration of CAH bond [38] in
eicosane. The peak at 1471 cm" 1 belongs to the bending/rocking
vibration of ACH3, while the peak at 1371 cm" 1 arose due to the
characteristic bending absorption of methylene group. In addition,
the peak at 716 cm" 1 is the long chain band rocking vibration of
CH2 groups which is common in all alkanes [38]. The FT-IR spec-
trum of aerogel shows an intense peak around 1064 cm" 1 which
is the typical bending vibration of SiAO. The peak at 843 cm" 1 is
due to the bending vibration of SiAO [31,33] and the peak at
948 cm" 1 is for the stretching vibration of SiAOH [39].
In the case of the microparticles, D and MD showed peaks from
both aerogel and eicosane. However, the microparticle M showed
completely similar peaks like pure eicosane. The most likely cause
of this phenomenon could be the complete covering of aerogel sur-
face by eicosane in melt infiltration process. In case of D and MD,
the peaks around 2914, 2849 and 2954 cm" 1 are the common
peaks of eicosane with equivalent vibration. They also show peaks
at 1065, 948, 843 and 756 cm" 1 from vibration of silica aerogel.
Fig. 3. (a) Transparent nanoporous aerogel particles (0.5 g), (b) pure n-eicosane (15 g), and (c) PCM-aerogel microparticles (1.5 g) in room temperature.
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Fig. 4. Particle size measurement from SEM image using ImageJ software for aerogel particle (a) and developed microparticle (b). Here SEM images are shown on the left,
particle counting by thresholding is shown in the middle and size distribution histograms are shown on the right.
Fig. 5. The FT-IR spectra of eicosane, aerogel particles and microparticles.
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This is the evidence that the surface of the aerogel particles were
not covered completely in the solvent and melt-dissolving process
as it was in the melt infiltration method. No significant new peaks
were observed in any of the microparticles. Thus it can be con-
cluded that the microparticles are simply a physical macro-
confinement and co-existence of silica aerogel and eicosane.
3.2. Differential scanning calorimeter
The thermal properties of developed eicosane/aerogel
microparticles were evaluated using DSC. The measured latent
heat of fusion (DHfus), total latent heat of crystallisation (DHcry),
melting point (Tm) and crystallisation point (Tc) of pure eicosane
and particulate eicosane in the form of microparticles are tabulated
in Table 4. DSC thermograms are presented in Fig. 6. The average
melting temperature of the pure eicosane from five cycles was
37.13 !C whereas it was 36.80 !C, 36.60 !C and 36.55 !C for
microparticle M, D and MD respectively. Though the measured
thermal properties of the pure eicosane are marginally different
from the specifications and further verification may help with clar-
ification, the tested results are still meaningful for comparison. The
thermogram in Fig. 6 and bar diagrams in Fig. 7 demonstrate that
microparticle M had nearly similar melting and crystallisation
behaviour whereas these were slightly lower in case of microparti-
cle D and MD.
In case of phase change energy, the microparticle M had the
highest latent heat in comparison to D and MD, though it was
around 20% less than that of pure eicosane. This change is quite
expected as the weight fraction of aerogel to PCM ratio in
microparticleMwas calculated as 1:5.4 (Table 2). The heat absorb-
ing capacity of produced microparticles arose from the eicosane,
not from aerogel. Since one fifth of the microparticle weight was
contributed by the aerogel, it caused around one fifth reduction
of heat absorbing capacity in comparison to pure eicosane. Yet,
Table 3
Main wave numbers and their corresponding vibrational assignment as observed.
Wave number (cm" 1) Vibrational assignment
2848, 2914, 2954,
and 2963
Stretching vibration of CAH
1471 Rocking vibration of ACH3
1371 Characteristic bending absorption of
methylene group
716, 717 Long chain band rocking vibration of CH2 groups
1064, 1065 Typical bending vibration of SiAO
948 Stretching vibration of SiAOH
Table 4
Composition of n-eicosane/aerogel microparticles with their respective thermal properties.
Product % of eicosane % of aerogel Bulk density (g/cc) DHfus (J/g) DHcry (J/g) Tm (!C) Tc " 1 (!C) Tc " 2 (!C)
n-eicosane 99 N/A 0.78 249.00 246.62 37.13 33.05 N/A
Microparticle M 84.31 15.69 0.31 198.38 197.35 36.80 33.72 16.93
Microparticle D 72.38 27.62 0.16 139.43 131.10 36.60 32.89 18.95
Microparticle MD 75.04 24.96 0.20 143.68 132.18 36.55 32.60 19.22
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Fig. 6. DSC heating (a) and cooling (b) thermograms at a scanning rate of 5 !C/min for n-eicosane, microparticle M, microparticle D and microparticle MD.
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Fig. 7. Comparison of latent heat of fusion (a) and melting-crystallisation behaviour (b) of n-eicosane with developed microparticles.
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the heat capacity of the microparticles was higher than the melting
enthalpy of previously reported encapsulated eicosane as reviewed
in Introduction. Among the developed microparticles, microparti-
cle D and MD had lower latent heat than M which is quite obvious
due to their lower eicosane ratio (Table 2). The solid eicosane was
liquefied by heptane in case of D andMD where only microparticle
M was heated. Hence, the solvent which was used to liquefy the
solid eicosane, not only made eicosane to liquid but also washed
away significant amount of eicosane from the aerogel particles,
resulting in lower heat buffering capacity. However the actual
measured latent heat found even lower than the values calculated
theoretically from the weight fraction of eicosane in microparticle
D and MD. This fact indicates that the microparticle D and MD
would have impurities as a third component other than aerogel
and eicosane. This lowered the actual weight fraction of eicosane
than the measured values presented in Table 4. The presence of
entrapped residual solvent inside aerogel structure is the most
likely impurity in this case. Heptane penetrated inside porous
aerogel structure during impregnation which could not completely
come out by vaporization at drying stage due to the covering of
aerogel surface by the eicosane. Furthermore, in the DSC thermo-
grams of n-eicosane and microparticle powder, melting peaks were
found in nearly the same zone.
3.3. Scanning electron microscopy
The SEM images in Fig. 8 show the presence of eicosane on the
surface of aerogel particles. Microparticles from all the three pro-
cesses can be similar to the naked eyes or under a microscope.
The only difference among them was the amount of eicosane,
which can be measured by DSC. Hence, the SEM images of any
one of the microparticles are representative for the rest. It is evi-
dent from the SEM images that the porous surface of the aerogel
particles (as shown in Fig. 8a) was filled with waxy eicosane
(Fig. 8b). At the initial stage of particle preparation, aerogel parti-
cles were dispersed in eicosane where the eicosane acted as the
continuous phase and aerogel particles as the dispersed phase. As
a result, eicosane penetrated into millions of aerogel particles.
After filtering and drying, the continuous phase eicosane became
fragmented and deposited onto aerogel particles. The fine frag-
mentations allow the surface tension to overcome the gravitational
force and prevent dripping off molten PCM when heated. In addi-
tion, the nano nodules on the surface prevent the particles sticking
together. Though the infiltration of eicosane into the aerogel parti-
cles cannot be verified through these SEM images, the exceptional
double peaks in crystallisation stage in DSC thermogram (Fig. 6b)
suggest this to be the case.
The presence of eicosane inside aerogel structure can be
assumed from its influence on crystallisation phase, which has dif-
ferent crystallisation behaviour as compared to normal liquid to
solid phase transition for pure eicosane. A normal PCM like water
has a direct crystallisation transformation to produce a solid from
liquid while n-eicosane requires to form metastable rotator phase
before complete conversion to the stable triclinic phase [40]. Hence
the nucleation of crystallisation can be affected by the surround-
ings. It has been found in Fig. 6b that the microparticles showed
an intensive crystallisation peak along with a weak shoulder peak,
but there is no such weak peak for pure eicosane during crystalli-
sation. The double exothermic peaks were found at 33.72 !C and
16.93 !C for microparticleM, at 32.89 !C and 18.95 !C for micropar-
ticle D and at 32.60 !C and 19.22 !C for microparticle MD. These
typical peaks were from the first and second stage of crystallisation
of eicosane which may have induced from heterogeneous and
homogeneous nucleation as discussed in Ref. [40]. In the case of
pure eicosane, the crystallisation was found coordinative while in
the case of microparticles intensive first stage crystallisation peaks
were observed along with a weak shoulder corresponding to the
second stage of crystallisation. Yu et al. [28] observed such double
peaks on cooling thermographs for the CaCO3 microencapsulated
n-eicosane. The report attributed such phenomenon to the hetero-
Fig. 8. Micro-structure of the aerogel particles (a) and the microparticles (b).
608 A. Shaid et al. / Applied Thermal Engineering 107 (2016) 602–611
Page 122 of 210
geneous nucleation effect which was caused by the internal wall of
CaCO3. Therefore, in the present case, it is most likely that the dou-
ble peaks in the cases of microparticles D, MD and M are induced
by heterogeneous nucleation effect from the internal wall of aero-
gel pores.
3.4. Thermal analysis
3.4.1. Form-stability of microparticles
The thermal images of the microparticles showed that the
entrapped eicosane is stable even at a temperature more than
three times above the melting point of pure eicosane. Aerogel does
not melt at high temperature. Hence the main concern for the
microparticles was the melting of eicosane which may result in
the bleeding out of PCM. It is quite normal that at any temperature
above the melting point of eicosane, the surface eicosane of
microparticles will melt and if the melted eicosane accumulates
sufficient outward force to overcome the surface tension of aerogel
particles, then a layer of eicosane will be created. This can be the
more likely incident if there is an excess of unbound surface eico-
sane on particle surface. Proper filtration and drying of microparti-
cle are crucial in this regards. However, in the application
perspective, it would not be an issue if the melted eicosane does
not drip out from fabric. To test the stability, the developed
microparticles were heated at 120 !C and the dripping behaviour
had compared with the pure eicosane. Thermal image analysis
revealed that after 5 s, the temperature of microparticles was
higher than the pure eicosane. At this very initial stage, eicosane
absorbed heat and went through phase transition. After this initial
stage, the pure eicosane rapidly melted causing a faster tempera-
ture rise. The pure eicosane sample melted completely within 5–
6 min whereas the microparticles did not show any sign of drip-
ping or physical changes. After 8 min of the placement of samples,
the temperature of the molten eicosane reached over 80 !C and the
temperature of the microparticles was well below 55 !C as can be
seen from Fig. 9. The aerogel in the developed microparticles was
responsible of lower heat transfer. Therefore, the temperature dif-
ference between pure eicosane and microparticles indicates the
impressive thermal resistance of nanoporous aerogel particles
and the evidence of the superior thermal resistance of the devel-
oped microparticles.
This type of behaviour of no dripping out of PCM from porous
structure was also observed by some previous studies. It has been
reported that due to the hydrophobic nature of aerogel, molten
paraffin penetrates into aerogel structure where the capillary force
of the nano-pores can hold back the paraffin [30,35]. However, this
capillary force largely depends on the pore size, as bigger pores
cannot provide sufficient capillary force [32]. In the current study,
the pore size was approximately 20 nm. With this pore size fea-
ture, the aerogel should provide sufficient capillary force to retain
the PCM inside, where there was no visible evidence of PCM melt-
ing or bleeding after heating the microparticles beyond 120 !C. On
the surface, the large surface area of aerogel particles grasped the
melted eicosane in situ during phase transition from solid to liquid
by surface tension [30,34,35,41]. Therefore, it can be concluded
that the entrapped eicosane is form-stable and suitable for coating
on textiles.
3.4.2. Stability and thermal comfort of the coated fabric
The thermal stability and thermal protection of such type of
eicosane/aerogel particles coated fabric have been discussed in
detail in a previous publication [36]. For the purpose of the current
investigation, the thermal stability of the coated fabric was charac-
terised by placing fabric samples (10 $ 10 cm2) S1 and S2 side by
side at the same time on a hotplate of 120 !C and recording the
temperature changes with the thermal camera. The objective of
this test was simply to prove an idea of form stability of coated tex-
tile. At the very beginning of the test, both samples showed similar
temperature rise. After 85 s of heat exposure, the fabric surface
temperature rose to 31 !C and subsequently split between the tem-
perature curves was observed (Fig. 10). A phase change of the
microparticles may have started at this stage which caused the
temperature difference between S1 and S2. This difference reached
to a maximum value of 3.5 !C. Then gradually the temperature dif-
ference was small as the phase transition was closed to comple-
tion. Maximum phase transition occurred around 36–40 !C which
provided the microparticles coated fabric an additional 35 s time
allowance in comfort zone. This finding is crucial for thermal
Fig. 9. Observation of heat stability and melting behaviour of the produced microparticles in comparison to pure eicosane. Temperature scales are in colour scale as shown in
figure where the upper range is in white, representing maximum around 138 !C and lower range is dark blue representing minimum around 23 !C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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regulation, as normal human body temperature is generally
maintained around 37 !C which may vary from person to person.
However, in any case the average human body temperature is in
the range of 36.1–37.2 !C [42] which is well covered by the
developed microparticles.
There is a close relationship between temperature rise rate and
heat stress. The moisture built up in the skin-clothing microcli-
mate during strenuous activities caused damp sensation and expe-
dite heat stress. Previous research [43] found that, the slower
temperature rise results in a significantly smaller amount of mois-
ture build up in the skin-clothing microclimate. The thermal curve
(as shown in Fig. 10) of the coated fabric identified a delay of tem-
perature rise in the comfort zone (36–38 !C). Therefore, it can be
said that the microparticle coating will slow down heat stress
and enhance thermal comfort.
The temperature curves of S1 and S2 should be the same or very
close after the phase change was completed. However, in Fig. 10, a
noticeable gap is evident. This can be explained as the thermal
resistance endured by the aerogel particles present in the
microparticles. The aerogel particles provided insulation against
the heat and kept the temperature even lower than S1 which
was distinguished after the phase transition of eicosane had com-
pleted. Beside the thermal insulation properties, no melt dripping
was observed from the microparticles or from the fabric coated
with the microparticles. Hence, it can be concluded that eicosane
in the microparticles is form-stable and the developed microparti-
cles can be used as a coating additive for high temperature protec-
tive clothing.
4. Conclusion
Eicosane/aerogel microparticles have been successfully devel-
oped using three different infiltration mechanisms where aerogel
particles were dispersed in molten, dissolved or melt-dissolved
eicosane which resulted in eicosane penetrating and covering the
aerogel particles. The nanoporous structure and high surface area
of aerogel particles acted as a supporting material to hold the eico-
sane in situ. The microparticles created via these processes were in
a stable powder form and suitable to use as coating additive on
textile substrates. As an application example, the eicosane contain-
ing aerogel microparticles were coated on textile fabric for thermal
protection. In the microparticle form, eicosane did not drip out
from either microparticles or their coated fabric even at a temper-
ature as high as three times above the melting point of pure eico-
sane. The developed microparticles not only demonstrated
adequate thermal stability and ease of applicability as a coating
additive for textiles, but also showed higher heat capacity as com-
pared to similar encapsulated PCM products. In addition, the fabric
coated with the microparticles showed superior thermal comfort
attributes. Phase transition of PCM caused slower temperature rise
behind coated fabric at around 35–39 !C. The duration of this time
delay depends on the amount of PCM present on the fabric surface
and, in the current study, it was found to be 35 s. The developed
microparticles could be further expanded to work in a wide range
of temperature by varying the PCM and improvising process flow
for a desired level of PCM loading for applications in a specific field.
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Section III: Addressing the flammability of PCM 
5.3 Effect of aerogel incorporation in PCM-containing thermal liner of 
firefighting garment.  
Shaid. A., Wang, L., Fergusson, S. M., & Padhye, R. (2018). Effect of aerogel 
incorporation in PCM-containing thermal liner of firefighting garment. Clothing and 
Textiles Research Journal, Vol 36, Issue 3, pp. 151 – 164. 
The background information regarding the test results of this chapter has been included in 
Appendix C.3. 
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Effect of Aerogel Incorporation
in PCM-Containing Thermal
Liner of Firefighting Garment
Abu Shaid1, Lijing Wang1,
Stanley M. Fergusson1, and Rajiv Padhye1
Abstract
Phase change material (PCM) in firefighting garment enhances protection and comfort. Wearing a
protective clothing containing PCM, while fighting the fire, is a direct risk to the wearer as most
PCMs used are flammable. This article reports a solution by using aerogel. Thermal liner fabric was
treated with PCM and/or aerogel and then their thermal properties were analyzed. It has been found
that the mean ignition time of PCM-containing thermal liner is around 3.3 s in current case while this
value significantly increased to 5.5 s when the combination of aerogel and PCM was used. Moreover,
the weight of the liner fabric with aerogel decreased in comparison to PCM-containing liner. Aerogel
also slowed down the spreading of flame in PCM-containing fabric. Aerogel–coated liner showed
superior heat resistance and the combination of aerogel with PCM increased the thermal resistance
of PCM-containing liner.
Keywords
comfort, aerogel, phase change material, firefighting garment, thermal protection
Various types of phase change materials (PCMs) have long been used in clothing as a means of body
heat regulation for comfort enhancement. These materials absorb the heat generated by the human
body during action and release the heat when cooled. There are more than 500 types of PCMs
including both natural and synthetic types (Hale, Hoover, & Oneill, 1971; McCarthy &Marzo, 2012;
Pause, 2003). Among all types of PCMs, paraffins are commonly used for clothing thermal regu-
lation due to their compatibility, nonsupercooling, and high heat storage capacity (Fang, Li, Chen, &
Liu, 2010). In recent years, the concept of using PCM for firefighting protective clothing (FPC) has
gained ground. Gao, Kuklane, and Holmer (2010, 2011) investigated the effect of PCM on ergo-
nomics of firefighters by introducing a cooling vest that contains pockets of PCM. McCarthy &
Marzo (2012) incorporated PCM in FPC by sewing different forms of encapsulated PCM behind the
facecloth of the thermal liner. Rossi and Bolli (2005) also investigated the application of PCM in
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FPC and integrated microencapsulated PCM into foam for coating on a liner. Few other studies exist
where mathematical models are used to show the prospect of PCM incorporation in FPC (Hu et al.,
2013; Mercer & Sidhu, 2008a, 2008b; Prasad, Twilley, & Lawson, 2002).
Flammability is not only a contributor of serious injuries, loss of life, and damage of properties
(Tortora & Collier, 1997) but also a source of tenacious product liability for the textile trade
(VanZandt, Horridge, & Dever, 1997). The paraffins used in clothing for thermoregulation purposes
are mostly flammable, and the binders used to fix PCM on textiles are also usually flammable
(Cardoso & Gomes, 2009). Hence, the flammability of PCM in FPC, where the product may be
exposed to heat and flame, is a critical issue to consider. Rossi and Bolli (2005) acknowledged that
the burning behavior of PCM-containing layer in FPC is a problem to be solved. Cardoso and Gomes
(2009) considered the flammability problem of PCM in FPC and tried to resolve it by using
melamine formaldehyde, a flame-retardant agent. Their opinion was to use both microcapsule
protection and a flame-retardant finishing chemical together to achieve a flame-retardant standard
of nonwoven lining inside FPC (Cardoso & Gomes, 2009). Use of melamine formaldehyde with
PCM can be found in several other reports (Choi, Cho, Kim, & Cho, 2004; Mohaddes, Islam,
Shanks, Fergusson, et al., 2014; Shin, Yoo, & Son, 2005) as well. However, melamine formaldehyde
is not recommended for use in clothing that will come into direct skin contact due to its chronic
allergic effect (De Groot, Flyvholm, Lensen, Menne´, & Coenraads, 2009). Moreover, the use of
flame retardant may deteriorate fabric strength (VanZandt et al., 1997). Our purpose is not to argue
the flammability of PCM but to demonstrate that the flame resistance of PCM-containing FPC can
be improved when aerogel is used along with PCM.
The use of aerogel for FPC is a comparatively new field. Aerogel is an extremely lightweight,
nanoporous material derived from a gel by replacing its liquid component with a gas (Thapliyal &
Singh, 2014). Among different types of aerogel, silica aerogel has several fascinating properties.
Silica is nonflammable, and the thermal conductivity of silica aerogel is significantly lower than
most common insulation materials. It has high specific surface area (*1,000 m2/g), high porosity
(>90%), low thermal conductivity (*0.015 W/mK), low bulk density (*0.1 g/cm3), and hydro-
phobicity (Bheekhun, Abu, Talib, & Hassan, 2013; Carraher, 2005; Hrubesh, 1990, 1998; Mulder &
Van Lierop, 1986; Pierre & Pajonk, 2002; Soleimani Dorcheh & Abbasi, 2008). Aerogel provides
outstanding resistance to the spread of flame (Walkoff, 2007). Hence, silica aerogel has bright
prospects to be used in fire-protective clothing to enhance flame protection. In our previous study
(Shaid, Wang, & Padhye, 2015), the protection and comfort properties of aerogel and PCM-
containing FPC were discussed. Aerogel was applied on the ambient side of a thermal liner to
provide protection against incoming heat, and PCM was embedded on the skin side to absorb
outbound metabolic heat. However, the flammability issue of PCM was not addressed. The flamm-
ability concern of PCM in FPC has been presented in a conference (Shaid, Wang, & Padhye, 2016),
where we demonstrated the idea of using aerogel particles as a means to reduce the flammability risk
of PCM in FPC. Here, mainly the ease of ignition was discussed. In the current article, we have
thoroughly investigated the performance of aerogel-topped, PCM-containing liner fabric not only
with respect to ease of ignition but also with respect to flame-spreading speed, and radiant and dry
heat resistance. Performance has been evaluated on the basis of fabric weight and thickness.
Experimental Method
Materials and Coating
Form-stabilized PCM powder and silica aerogel particles were used to coat the thermal liner of
a firefighter’s protective garment. Then, the coated thermal liner was used with an outer layer
fabric and moisture barrier in a similar fashion as professional FPC. The outer layer and
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thermal liner were composed of aramid and its blend, whereas the moisture barrier was com-
mercial polytetrafluoroethylene containing moisture barrier.
Aerogel and PCM were coated onto the fabric surface by using an SV-MATIS laboratory coating
machine. Fabric specimens were coated by taking similar amounts of paste at a constant machine
setting for each sample, as shown in Table 1. The coated fabric was dried at 60!C and cured at
160!C. Coated samples were found durable as tested according to AATCC 61-2013 (colorfastness to
laundering: accelerated).
Characterization and Thermal Analysis
All the samples were conditioned in accordance with Australian standard AS2001.1 (Part 1: Con-
ditioning procedures) prior to testing. Conditioned samples were reserved within a sealed container
until tested. All tests were commenced within 2 min of opening the sealed containers.
Fabric surface. The surface topography of the coated fabrics was analyzed with an FEI
Quanta200 scanning electron microscope (SEM). The low vacuum mode of scanning was
used to avoid high temperature buildup on PCM. All samples were tested on 25 kV and were
of similar spot size.
Ease of ignition. The ease of ignition of coated fabric samples was tested according to Australian
standard AS 2755.1 (Textile Fabrics—Burning Behaviour Part 1: Determination of Ease of Ignition
of Vertically Oriented Specimens) test method (Standards Australia, 1985). The flame height was
adjusted to 40 + 2 mm, as shown in Figure 1. The burner was positioned perpendicular to the
surface of the specimen. Ignition was deemed to have occurred if the flame on the specimen
persisted at least 5 s after removal of the flame. The timer setting was reduced by 1 s if the ignition
occurred and increased by 1 s if nonignition occurred.
The test continued until at least five ignitions and five nonignitions were found. The result is
expressed as mean ignition time, which is calculated using Equation 1.
Mean ignition time ¼
X
ðTime in second $ Number of cases in that specific timeÞ
Total Number of cases
+ C: ð1Þ
In Equation 1, the “case” is either ignition or nonignition, whichever occurs least according to
appendix B of the test standard AS 2755.1. C is a constant value of 0.5, which is positive when
nonignition is least and negative when ignition is least. The resulting value was rounded to the
nearest second and reported as the mean ignition time. As an example, 12 specimens were tested for
PCM coating and the results are tabulated in Table 2. Test Number 12 is not considered for
Table 1. Sample Types and Coating Composition.
Coating Description Coating Formulation
Coating
Thickness (mm)
Coated Fabric
Thickness (mm)
Coated Fabric
Weight (GSM)
Coating with aerogel 15 g aerogel in 200 g binder
paste (Paste I)
0.8 1.28 (0.02) 374 (9)
Coating with PCM 40 g PCM in 200 g binder
paste (Paste II)
0.8 0.85 (0.01) 419 (4)
Aerogel coating on
PCM-coated fabric
Paste I and Paste II 0.4 þ 0.4 1.0 (0.01) 410 (6)
Note. Weight of normal uncoated fabric was 165 GSM and thickness was 0.35 mm. Standard deviation is shown in round
brackets with the average value of thickness and GSM. PCM ¼ phase change material.
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calculation, as five values for both ignition and nonignition had been achieved. Based on the results
in Table 2, the summary of the ignition and nonignition results is prepared in Table 3.
It can be seen from Table 3 that nonignition occurred least (i.e., there were six cases of ignition
and five cases of nonignition). Hence, the mean of the recorded times at which nonignition was
observed is calculated according to Equation 1: Mean ignition time ¼ ð4s$ 0Þþð3s$ 4Þþð2s$ 1Þ0þ4þ1 þ
0:5 ¼ 3:3; i.e., 3 s.
Flame-spreading speed.Australian test standard AS 2755.2 (Textile Fabrics—Burning Behaviour Part
2: Measurement of Flame Spread Properties of Vertically Oriented Specimens, 1985) was followed
to determine the flame-spreading properties of the samples. At least three specimens were tested for
each type of sample according to the standard. Specimens were placed on the testing frame and
removed from the frame by 20 mm. Marker threads (50 tex mercerized cotton) in tension were
placed horizontally in front of the specimen at three defined distances (H1–H3).
Coated fabric specimens were vertically oriented, and then a defined ignition flame was applied for
a defined period (10 s). The flame height was adjusted to 40 + 2 mm, so it touched the specimen
surface on the centerline from 20 mm above the line of the lower pin, as shown in Figure 2. In this
Figure 1. Ease of ignition test arrangement. From left—burner adjustment, sample exposing, and observation
of ignition.
Table 2. Behavior of Specimens when Exposed to Ignition Flame at Different Time Interval.
Test Number Time (s) Result Test Number Time (s) Result
1 4 Ignition 7 4 Ignition
2 3 Ignition 8 3 Nonignition
3 2 Nonignition 9 4 Ignition
4 3 Nonignition 10 3 Nonignition
5 4 Ignition 11 4 Ignition
6 3 Nonignition 12 3 (not considered for calculation as five values for both
ignition and nonignition had achieved)
Table 3. Ignition and Nonignition Summary.
Time (s) Number of Case of Ignition Number of Cases of Nonignition
4 5 0
3 1 4
2 0 1
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position, the end of the burner was 17 mm from the face of the specimen, which allowed approxi-
mately 23 mm flame penetration depth. The flame-spreading time was calculated by counting the time
in seconds for the flame to travel between marker threads. The accuracy of the timing device was at
least 0.2 s. The flame reached three different marker positions at different time intervals. Finally, the
time differences were counted to gain an idea of flame-spreading speed over various samples.
Radiant heat resistance. The thermal performance of the coated fabric against a radiant heat source was
investigated by a data logger fitted with a NI4350 high-precision temperature and voltage meter (man-
ufactured by National Instruments, Ireland), which produced time–temperature profiles through
VirtualBench-Logger software (Version 2.5). The open-source terminal emulator software Teraterm
(Version 4.92) was also used for rapid data logging. This radiant heat-resistant apparatus has been used
inmultiple previous studies (Mohaddes, Islam, Shanks, Fergusson, et al., 2014;Mohaddes, Islam, Shanks,
Wang,&Padhye, 2014; Shaid et al., 2015) at the same institution. The setup design used in previouswork
has beenmodified to expose samples vertically. The test sampleswere prepared to resemble a firefighter’s
clothing assembly, where the outer layer and moisture barrier were the same for all tests, and the thermal
liner was any of the coated fabrics. The samples were exposed one after another to a hot plate of 250!C
from a constant distance of 10 cm. The temperature sensors were placed beneath each of the layers. The
time required to reach 55!C(i.e., second-degree burn temperature)was recorded and considered as the end
point of exposure for all samples. The data logger recorded temperature change every 2 s.The experiments
were repeated at least 3 times for all the samples, and the mean values are reported.
Thermal resistance to dry heat. Thermal resistance to dry heat of the coated fabric was evaluated in
accordance with the ISO 11092:1993 (Measurement of thermal resistance under steady-state con-
ditions) method by using an Integrated Chamber Sweating Guarded Hotplate (model 431-213).
Three samples of 30 cm $ 30 cm from each type were used, and the average reading is reported.
The instrument measures the thermal resistance (Rct) in SI units through Equation 2:
Rct ¼ ðTskin ' TambÞðQ=AÞ ; ð2Þ
Figure 2. Flame-spreading testing—before ignition (left) and during testing (right).
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where Rct ¼ thermal resistance (m2 !C)/W, Tskin ¼ zone average temperature (!C), Tamb ¼ ambient
temperature (!C), and Q/A ¼ area weighted heat flux (W/m2).
First, the thermal resistance of the bare plate and the thermal resistance of the coated fabric
samples were measured. Finally, the actual thermal resistance of the tested fabric samples was
determined using Equation 3:
Rcf ¼ ðRct ' Rct0Þ; ð3Þ
where Rcf ¼ fabric thermal resistance (m2 !C)/W and Rct0 ¼ bare plate resistance (m2 !C)/W.
The conditioned fabric samples were placed over the measuring plate and surrounded thermal
guard (Figure 3). The measuring plate and thermal guard were preheated to 35+ 1!C, whereas the
ambient temperature inside the test chamber was 20+ 1!C with relative humidity of 65+ 2%. Air
speed was maintained to 1+ 0.1 m/s. When the steady-state conditions were achieved, the Rct value
was measured every minute for 30 min at the continuous steady-state conditions. The average of all
the measured Rct values was reported as a single reading for one sample type. Three such readings
were taken for each type of sample, and finally, the average of these three readings was used to
report the thermal resistance of that particular type of sample by using Equation 3.
Results and Discussion
Coated Fabric Surface
It is important to ensure a sufficient amount of particles on a coated fabric surface to provide any
measurable thermal effects. The warp and weft yarns are clearly visible in uncoated thermal liner
fabric, but no yarns can be seen on the coated fabrics as shown in the SEM images. On the surface of
coated thermal liners, irregularly shaped aerogel particles and circular PCM materials are seen. It
can be also seen from the SEM images that the aerogel particles used were irregular and compara-
tively bigger than the PCM particles. The particle size affects the thickness and weight of coated
fabric, which will be further discussed.
Ease of Ignition
The mean ignition time for all the samples, rounded to the nearest second, is shown in Figure 4. As
seen in Figure 4, the incorporation of aerogel improved the flame resistance through higher mean
ignition time. The thermal liner sample that was coated only with PCM ignited comparatively more
rapidly than other liners. However, performance improved significantly when PCM was combined
with aerogel. The combination of aerogel and PCM on the thermal liner was found to have the most
Figure 3.Measuring unit inside the hotplate chamber—fabric sample under test (left) and schematic diagram of
the test plate and guard ring (right).
156 Clothing and Textiles Research Journal 36(3)
Page 132 of 210
resistance to ignition in the current study. Yet this fact does not fully explain the impressive
achievement of aerogel incorporation until the coated fabric’s weight and thickness are considered.
A comparative view of flame resistance of the coated samples in relation to their thickness and
weight is illustrated in Figure 5. The aerogel nanoparticles are irregular and comparatively bigger, as
seen in Figure 6. As a result, though all the samples were coated on a constant machine setting with
the same coating thickness, the final thickness of the coated fabrics was variable among samples.
Lightweight but larger aerogel particles supported the buildup of thicker but lightweight coating,
whereas the smaller but heavier particles of PCM formed a thinner but weighty coated surface, as
seen in Figure 5. Hence, in the performance of the final product, the aerogel-coated liner provides
Figure 4. Ignition and nonignition case summary for coated and uncoated samples.
Figure 5. Flammability behavior in relation to coated fabric thickness and weight.
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better flame resistance with much lower fabric weight. However, the most important thing to note is
that by implementing aerogel with PCM, it is not only possible to reduce the fabric weight but also
the risk of burn. The heavy weight of PCM-containing fabric is often considered a major drawback.
However, when aerogel was applied with PCM, the fabric weight was reduced while performance
increased. Firefighters in the present time are more concerned with comfort issues (Warnock,
Sarmadi, & Boyd, 1994). Hence, a lighter weight combination is an achievement.
In summary, it can be said that though the incorporation of aerogel may increase the fabric
thickness, it will not increase the fabric weight in comparison to PCM-coated fabric. Moreover,
aerogel will provide better flame resistance, which can be utilized in PCM-containing fabric to
improve its flame resistance and reduce fabric weight.
Flame-Spreading Speed
To further compare the flammability of aerogel and PCM-containing fabrics, flame-spreading speed
was tested according to Australian standard AS 2755.2 (Standards Australia, 1985). It has been
found that incorporation of aerogel can slow down the flame spreading of PCM-containing fabric. In
Figure 7, it is clearly shown that it took an average of 9.4 s for the flame to reach a distance from H1
to H3 on PCM-containing fabric, whereas it required 10.7 s for aerogel-containing samples and
11.9 s for the fabric containing both PCM and aerogel.
Similar to the ease of ignition, it was also observed in the flame-spreading test that when aerogel
was incorporated with PCM, the combined sample performed better than the sample coated only
Figure 6. Scanning electron microscope images of coated and uncoated fabric surfaces.
Figure 7. Flame-spreading speed on aerogel and phase change material-coated samples.
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with PCM. Thus, it can be concluded that aerogel has good prospects to reduce the flammability
problem of PCM-containing garments, which are intended for use near high heat and flame, and that
a combined use of aerogel and PCM can further improve the performance.
Radiant Heat Resistance
The temperature between the thermal liner and the firefighter’s undergarment can reach from 48 to
62!C before receiving burn (Rossi, 2003). In multiple studies (Hardy, Wolff, & Goodell, 1952;
Stoll & Chianta, 1968; Stoll & Greene, 1959), it has been identified that the pain threshold of
human skin is around 44!C. When the skin temperature exceeds this threshold, the absorbed
energy determines if and how severe burns will be received (Stoll & Chianta, 1968). The skin
receives second-degree burns when skin temperature approaches 55!C (ASTM, 1998). Thus, there
is a time gap between starting to feel pain and receiving second-degree burns. The time between
these two points (i.e., the time when the skin starts to feel pain and when it receives irreversible
burns) is called the pain alarm time (Rossi & Bolli, 2005). This time frame is very crucial for a
firefighter, as it indicates the time available for the wearer to respond to the warning and escape
from the danger zone before receiving burns. A longer time gap offers a higher chance for the
firefighter to avoid injury.
In this study, the time to reach pain threshold (i.e., 44!C) and time to theoretically receive burns
(i.e., 55!C) have been recorded for all the coated samples and the time difference is described as
escape time, as this is the maximum time allowance to avoid burns. A typical example of the time–
temperature curve of the samples exposed to a radiant heat source is shown in Figure 8. It gives an
idea of comparative performance of all the thermal liners when exposed to the radiant heat source. It
Figure 8. Increment of temperature on due course of time behind each layer of firefighter clothing assembly.
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was observed that when the surface temperature behind a normal, uncoated thermal liner reached the
pain threshold, the surface temperature of the outer layer reached around 90!C; by the time, it
reached the point that skin receives burns, the surface temperature of the outer layer was over
100!C. However, the time to reach pain threshold and the time to reach the point of receiving burns
were different for different types of coated thermal liners. On average, the aerogel-coated thermal
liner took 307 s before reaching a point when the wearer would start to feel pain and took 530 s
before the wearer would theoretically receive burns. These time frames were only 222 and 402 s for
the uncoated thermal liner, 281 and 471 s for the PCM-coated thermal liner, and 299 and 502 s for
the aerogel-on-PCM-coated thermal liner.
Two additional important indicative parameters are the Radiant Heat Transfer Indexes RHTI12
and RHTI24, which are the times for a temperature rise of 12
!C and 24!C, respectively, from an
initial point. ISO 6942 expresses the radiant heat protection performance by the difference of these
two values (i.e., RHTI24–RHTI12). This time elapse between RHTI24 and RHTI12 is a very good
indication of pain alarm (Cao, 2016; Standards Australia, 2006), as it shows how much time the
wearer will potentially have before feeling pain. On the other hand, the time gap between feeling
pain and receiving irreversible burns indicates the escape time for the firefighter to withdraw from
the flame/heat source before serious injuries occur. In Figure 9, the performance summary of each
thermal liner in these regards has been presented.
Although fromFigure 8 it seems that there is little difference in radiation heat protection performance
between coated thermal liners, they did not perform identically. The aerogel-coated thermal liner can
offer maximum escape time for the firefighter to withdraw from a flame/heat source and allow the
wearer longer time before feeling pain, which can be distinguished clearly from Figure 9. It should be
noted that the enhanced performance is achieved through sacrificing thinness of the liner. In this aspect,
PCM-coated linermaybea better option, as it also improves the radiant heat protectionbutwith a thinner
coating. In summary, it canbe said that coatingwith aerogel orPCMwill definitely increase the radiation
heat protection of the thermal liner. In a casewhen theweight of the coated fabric is an issue, the aerogel-
coated fabricwill be thebest option, since it is a lighterweight–coated fabric. In a casewhere thickness is
a concern, the PCM-coated fabric will be a better choice since it is a thinner coated fabric. Aerogel-
topped, PCM-coated fabric sits in between with overall better performance. Again, when the flamm-
ability is also considered, the aerogel-topped, PCM-coated fabric is unparalleled.
Figure 9. Radiant heat protection performance of coated thermal liners. T44 and T55 are shown on primary
axis, while escape time and RHTI24–RHTI12 are shown on secondary axis.
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Thermal Resistance to Dry Heat
Thermal resistance of a fabric indicates how effectively the fabric can resist the incoming dry
heat fluxes from external high-heat sources. In the current case, the aerogel-coated liner showed
impressively high protection capability compared to other types. The resistance capability of
coated thermal liners against normal uncoated ones is presented graphically in Figure 10.
In this case, the PCM-coated liner proved to have inferior thermal resistance in comparison
to other samples, and its resistance improved when aerogel was integrated with PCM. In the
case of ease of ignition and radiant heat resistance, aerogel-on-PCM-coated fabric showed
better resistance, whereas in the case of dry heat resistance, the aerogel-coated fabric samples
performed better. Possibly, this is due to the fact that the samples were placed on top of a
heated surface, enabling the fabric surface to come into direct contact with the hot surface. The
aerogel surface coating in this case acts as an immediate shield to heat transfer through the
fabric, providing a better result.
Conclusion
In this study, we investigated the reduction of flammability risk when utilizing PCM-containing
thermal liner fabric in a firefighter’s garment. It is an unavoidable fact that coating a thermal liner
with anything will increase its weight. However, from the performance point of view, the coating
proved to be very useful to reduce the risk of ignition and flame spreading with better heat
protection. For the thermal resistance concern, the aerogel-coated thermal liner was found to be
most resistive with regard to radiant heat transfer indexes, pain alarm time, and dry heat resistance.
Hence, when aerogel was incorporated with PCM, the resultant thermal liner was lighter in weight
but better in protection than the thermal liner, which was coated only with PCM. In the case of
direct flame exposure, the fabric coated with PCM and topped with aerogel showed maximum
flame resistance than when either coating was used individually. The PCM-coated fabric was
found to have inferior flame resistance. This was predictable, as organic PCMs are known to fuel
flames. However, the improvement of flame resistance of PCM-coated fabric when topped with
aerogel was an achievement that can be utilized in any application field where the flammability of
applied PCM is a hindrance.
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CHAPTER 
SIX 
AEROGEL NONWOVEN IN FPC 
The aim of this research segment is to analyse the potential use of commercially available aerogel nonwoven 
fabric as a reinforcement material in FPC. In previous chapter, coating of aerogel was investigated. But 
forming of polymeric film over fabric surface by coating, reduce the fabric porosity. Aerogel nonwoven can 
be a solution to this problem. Aerogel nonwovens are porous and have very good heat insulation property. 
However, they are thick and dusty material with very limited drapability. As shown in Appendix B, though 
commercial aerogel nonwoven has very good thermal resistance, its flexural rigidity and bending modulus is 
too high to be used in clothing which requires sufficient drapability.  Hence in this study substitute usability 
of these nonwoven in FPC was investigated. It was found that aerogel nonwoven has very good potential to 
be used as a reinforcement material in specific zone of FPC where resistance against compressive load is 
required or the area which is more prone to burn.  
 
This complete chapter is on review process for publication as-  
Shaid, A., Wang, L., & Padhye, R. (2018). Aerogel nonwoven as reinforcement and batting material for 
firefighter’s protective clothing-a comparative study. Journal of Sol-Gel Science and Technology, 2018. 
87(1) p.95-104. 
 
The background information regarding the test results of this chapter has been included in Appendix D. 
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Abstracts
Aerogel, the most insulated solid known to modern science, is gradually expanding its ﬁeld of application from space shuttle
to normal clothing. So far, apparel use of aerogel nonwoven has been successfully commercialized in case of cold weather
clothing. Use of aerogel in high heat protective clothing is much complex as it requires to balance comfort with protection.
This paper studied the protective performance of aerogel nonwoven in a high heat protective apparel, ﬁreﬁghter’s protective
clothing (FPC). An investigation was carried out to justify its use as reinforcement material and/or batting in thermal liner or
moisture barrier of FPC. Impressive results were observed in case of reducing the risk of burn injury, increasing comfort and
enhancing protection. It was observed that aerogel nonwoven can provide eight times more thermal resistance than existing
commercial reinforcement material and existing thermal batting material. When the aerogel nonwoven layer was used as
thermal liner, it offered ﬁve times more resistance to heat than existing thermal liner and three times more resistance than
combined performance of existing thermal liner and moisture barrier. The possible burn injury under 49 N compressive load
was predicted on a 200 °C heated surface. It was found that the temperature behind the commercial reinforcement material
quickly raised above 70 °C within 30 s of contact, while it took more than 4 min to reach the same temperature for proposed
aerogel reinforcement material. This indicates that a ﬁreﬁghter will receive instant burn on contact in 30 s if only the
commercial reinforcement material is used. It was measured that, without any reinforcement material even when only the
aerogel nonwoven is used instead of current batting material, a ﬁreﬁghter will have 86 s before feeling any pain, 107 s before
receiving ﬁrst-degree burn and will have 2 and half minutes before theoretically receiving second-degree burn at the same
condition. Thus, a ﬁreﬁghter will gain more than 1 min of escape time to withdraw from a danger situation, where it is only
5 s for existing thermal liner and reinforcement material. Performance was also evaluated against fabric thickness and
weight, air permeability, resistance to one-way liquid transfer, moisture management, moisture vapour transfer and degree of
evaporative cooling. The advantages and disadvantages of proposed combination have been discussed and it was concluded
that the use of aerogel reinforcement can signiﬁcantly increase the protective performance of FPC.
Graphical Abstract
Aerogel nonwoven substrate is lighter and has excellent compressive heat resistance as a reinforcement material, and also
superior thermal performance compared to the existing commercial thermal liner, multilayer batting, and the combination of
face cloth, thermal liner and moisture barrier for a ﬁreﬁghter garment.
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Highlights
Aerogel nonwoven (A) showed superior performance over existing reinforcement material (Rinf) and thermal liner (F+B1)
for ﬁreﬁghter’s protective clothing. In particular, aerogel nonwoven has
● Over eight times more thermal resistance than ‘Rinf’;
● Excellent compressive heat resistance before receiving burn (A=more than 2.5 min, Rinf= 19 s);
● Better air permeability (A= 12.4 mL/cm2/s@50 Pa, Rinf=Nil); and
● Enhanced evaporative cooling (Ret of A= 17.5 Pa m2/W, Rinf= Inﬁnite).
Keywords Aerogel ● Thermal protection ● Fireﬁghter clothing ● Nonwoven ● Textiles
1 Introduction
Fireﬁghters work in varieties of thermal environment from
dark cold night through hot sunny day to a ﬂashover
situation. In any situation they work, heat insulation of the
ﬁreﬁghter’s protective clothing (FPC) is a key parameter,
which plays a vital role in the protection and comfort of a
ﬁreﬁghter. Though a ﬁreﬁghter responds to various emer-
gencies, they are mostly injured at ﬁreground operations
than any other types of duties. NFPA (National Fire Pro-
tection Association) reports 24,325 ﬁreground injuries,
which were the highest (39.2%) among all other types in
total of 62,085 injuries in 2016 in USA [1]. Among all types
of injuries, the burn injuries still ranks among major cate-
gories of ﬁreﬁghter’s fatalities. Haynes and Tibbits [2]
reports death tolls of ﬁreﬁghters in 100 years, where in a
total of 378 deaths of ﬁreﬁghters, burn was the cause of 292
deaths. In this paper the use of aerogel nonwoven in FPC to
reduce the burn risk has been evaluated.
Aerogel is an extremely lightweight nanoporous material
with excellent insulation properties [3–5]. One of the sig-
niﬁcant properties of aerogel is its impressive thermal
insulation. Its thermal conductivity can be as low as 0.02W/
mK [6, 7]. Aerogel has good potential to be used in FPC.
Shaid et al. [8–10] reported coating of aerogel particle on
thermal liner of FPC, while Jin et al. [11, 12] prepared the
thermal liner by padding nonwoven fabric with aerogel
particle. Chakraborty et al. [13] also evaluated the protec-
tive performance of aerogel nonwoven in FPC in respect to
protection against radiant heat ﬂux. There are several other
studies where the heat insulation of ﬂexible aerogel non-
woven has been reported [14–16]. However, none of these
studies reported the performance of aerogel nonwoven in
FPC when a ﬁreﬁghter is in direct contact with the hot
surface along with a compressive load. Fireﬁghters are
required to perform numerous physical activities which
subject their protective clothing under compression in hot
environment. NFPA and the ﬁre protection research foun-
dation in USA carried out a survey on ﬁre injuries and
identiﬁed the location of burn injuries [17]. They showed
that burns did not occur all over the body randomly. It was
observed that most of the burn injuries occurred on the
shoulders and arms as can be seen from Fig. 1. In several
cases, burns occurred as the turnout was compressed due to
the weight of the self-contained breathing apparatus on the
shoulder and elbow/knee areas where compression occurred
due to bending of arms or legs.
Crawling on knee, leaning against hot surface and/or
carrying load on back under hot environment are common
for a ﬁreﬁghter in rescue missions. In these circumstances,
zone-speciﬁc reinforcement materials can be used to pro-
vide extra protection in FPC. In the current study, light-
weight aerogel nonwoven material was used for reinforcing
FPC also as an alternative to thermal liner or moisture
barrier in speciﬁc zones of FPC. Along with heat protection
under compressive load, various other performance prop-
erties were evaluated and discussed for different layer
combinations.
Fig. 1 Burn frequencies (shown in numbers) observed in different
location as investigated by NFPA [17]
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2 Materials and methods
2.1 Materials
Thermal liner composed of 100% Nomex woven face cloth,
a nonwoven batting, and a commercial moisture barrier
were purchased from Bruck Textile, Australia. Aerogel
nonwoven material was purchased online from Buyaerogel.
com. The product is based on silica aerogel in ﬂexible form
with thermal conductivity of ~23 mW/m/K and fabric
weight of 285 g/m2. Commercial reinforcement material
was collected from MFB (Metropoliton Fire Brigade),
Australia.
2.2 Sample coding and description
A combination of various layers in FPC has been designed
to evaluate and compare the performance of existing
assembly with proposed alternatives. Table 1 summarizes
all the sample types which were studied in current investi-
gation, while Figs. 2 and 3 show schematic and actual view
of various samples, their combinations and position in FPC.
2.3 Thermal resistance to dry heat
Thermal resistance (Rct) to dry heat was evaluated in
accordance to ISO 11092:1993 method (measurement of
thermal resistance under steady-state conditions) by using
Integrated Chamber Sweating Guarded Hotplate (SGHP,
model 431-213). The instrument measures the Rct in SI units
through Eq. 1:
Rct¼ Tskin " Tambð ÞQ=A ; ð1Þ
where Rct is the thermal resistance (m
2·°C)/W, Tskin is the
zone average temperature (°C), Tamb is the ambient
temperature (°C) and Q/A is the area-weighted heat ﬂux
(W/m2).
The thermal resistance of the bare plate was measured
ﬁrst and then the thermal resistance of the coated fabric
samples was measured. Finally, the actual thermal resis-
tance was determined using Eq. 2:
Rcf¼ Rct " Rct0ð Þ; ð2Þ
Table 1 Samples and their
description
Sample code Description Weight (GSM)
A Aerogel nonwoven 285
Rinf Commercial reinforcement material used in FPC 500
S A commercial moisture barrier layer used in FPC 250
B1 One layer of existing nonwoven batting material that
is used in thermal liner layer of FPC
50
B3, 4, 6, 8, 10
and 12
3, 4, 6, 8, 10 and 12 layers of existing nonwoven
batting material
150, 200, 300, 400, 500 and
600 respectively
F Nomex face cloth of thermal liner 130
ET Existing thermal liner (F+ B1) 180
TM Combination of thermal liner and moisture barrier (F
+ B1+ S)
430
P1 Composition of F+A. Replacement of ET in speciﬁc
zones where severe burn can occur
415
P2 Composition of F+A. Replacement of TM in
speciﬁc zones where severe burn can occur
415
Fig. 2 Various fabric layers in FPC (I), thermal liner with moisture barrier (II) and nonwoven batting behind thermal liner face cloth (III). The
batting shown in ﬁgure (III) cannot be seen from ﬁgure (II) as it stays between face cloth of thermal liner and moisture barrier
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where Rcf is the fabric actual thermal resistance (m
2·°C)/W
as calculated, Rct is the fabric thermal resistance (m
2·°C)/W as
measured, and Rct0 is the bare plate resistance (m
2·°C)/W as
measured.
The conditioned (at 20 °C, 65% relative humidity (RH))
fabric samples were placed over the measuring plate and
surrounded thermal guard (Fig. 4). The measuring plate and
thermal guard were preheated to 35 ± 1 °C, whereas the
ambient temperature inside the test chamber was 20 ± 1 °C
with an RH of 65 ± 2%. Air speed was maintained to 1 ±
0.1 m/s. When the steady-state conditions were achieved,
the Rct value was measured every minute for 30 min at the
continuous steady-state conditions. The average of all
measured Rct values for each sample was reported.
2.4 Thermal resistance under compressive load
One of the important motives behind current investigation
was to understand the performance of aerogel nonwoven as
reinforcement material in speciﬁc areas of FPC which goes
under compressive force during ﬁreﬁghting activities. The
heat resistance performance compromises when a
compressible material is subjected to a compression force.
In this study, heat resistance due to material compression
was analysed by modifying SGHP in two ways: ﬁrst the
hotplate was heated to and maintained at 60 °C, and second
a pressure input mechanism had been accommodated in the
chamber. According to the test standard AS/NZS
4502.5:1997, a force of 49 ± 0.5 N is required to apply on a
fabric surface when in contact with a hot surface. Open-
source terminal emulator software Teraterm was used to
record temperature changes behind various samples when
compressed on the heated hotplate surface. An external
hotplate was used for a high temperature surface of 200 °C.
2.5 Air permeability
Air permeability of various fabric types and their combi-
nations was measured in accordance to ISO 9237:1995 test
method. The test sample was placed facing outer towards
the air inlet oriﬁce. Flowtube reading gives data as L/min.
Mean air ﬂow from the ﬁve readings in L/min was taken
and air permeability was calculated with Eq. 3 and
expressed as volume ﬂow of air per unit water pressure per
unit area of fabric:
Air permeability; R¼ qv
A
% 167mL=cm2=s at 50 Pa; ð3Þ
where qv is the the arithmetic mean ﬂow rate of air, in
cubic decimetres per minute (L/min), A is the area of fabric
under test (cm2). In our case, oriﬁce diameter was
50.46 mm. Hence, A= 20 cm2; 167 is the conversion factor
from cubic decimetres (or L) per minute per square centi-
metre to millimetres per second. For all the tests, air pres-
sure was 50 Pa.
Fig. 3 a Schematic
representation of various fabric
samples as used in current
investigation. b The actual view
of various samples (I), a
demonstration of multilayer and
single layer batting (II) and the
order how different layers are
attached in FPC (III)
Fig. 4 Measuring unit inside the hotplate chamber: fabric sample under
test (left) and schematic diagram of the test plate and guard ring (right)
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2.6 Resistance to one-way transfer of liquid
FPC needs to have protection against hot water or hazar-
dous liquid. No liquid form external source should transfer
to the skin through FPC. However, the body sweat needs to
be vapourized and transferred through the fabric layers.
Hence, modern FPC contains a moisture barrier which
blocks the external liquid to contact skin but allows sweat to
vapourize and pass through the moisture barrier layer. One-
way transfer of liquid is an indicator of moisture barrier
performance. In this study, moisture management tester
(MMT) was used to analyse the one-way transfer of liquid
and moisture management of selected samples according to
AATCC 195-2010.
2.7 Water vapour resistance and moisture
permeability index (imt)
Water vapour resistance (Ret) was evaluated by using an
SGHP (model: M259B). Samples of 30 × 30 cm2 were
conditioned and tested in accordance with ISO 11092:1993
test method under steady-state conditions and Ret (Pa m
2/W)
was calculated using Eq. 4:
Ret¼A Pm " Pað ÞH " ΔH " Ret0; ð4Þ
where A is the test area in m2, Pm is partial water vapour
pressure on the surface of the measuring unit in Pa, Pa is the
partial water vapour pressure of the air in Pa, H is the
electrical power supply to the plate maintained at 35 ± 0.1 °C
in W, ΔH is the correction factor for wet testing in W and Ret0
is the bare plate reading with porous membrane (Pa m2/W).
Moisture permeability index is the relationship between
dry and evaporative heat resistance. It indicates the degree
of evaporative cooling of a clothing assembly. It is denoted
by imt and calculated by Eq. 5:
imt¼K RctRet
! "
; ð5Þ
where K is a constant with the value of 60.6515 Pa/°C.
3 Results and discussion
3.1 Thermal resistance to dry heat
Thermal resistance of a fabric indicates how effectively the
fabric can resist the incoming dry heat ﬂux from external high
heat sources. Figure 5 graphically presents the thermal resis-
tance capability of samples evaluated against their weight.
It was quite expected that samples F, B1 and S have
lower thermal resistance than sample A as these are much
lighter and thinner than aerogel nonwoven. To ﬁnd out the
equivalent thermal resistance of aerogel nonwoven with
commercial batting material, sample B1 was stacked in
multiplied layers without applying any compression force.
The resistance of current batting material (B1) increased as
a normal trend according to their multiplication. However,
the aerogel nonwoven material (A) with an average GSM of
285 can provide higher thermal resistance than 6-layers
(300 GSM) and even 10-layers (500 GSM) of the current
commercial batting material. In contrast, the commercial
reinforcement material (Rinf), which was the heaviest of all
other samples, showed very low resistance. When the
assemblies of material in combination were compared, the
combination P1 with lower GSM showed much higher Rct
than sample TM. Existing thermal liner (ET) had slightly
lower weight than the combination P1, but it sacriﬁced a lot
of thermal resistance than P1. In conclusion, it can be said
that aerogel nonwoven can be a very good replacement of
existing reinforcement material, the thermal liner or the
combination of both thermal liner and moisture barrier in
regards to the thermal resistance to dry heat.
3.2 Compressive heat resistance
The normal human body temperature is around 37 °C [18].
The skin starts to feel pain at 44 °C, receives ﬁrst-degree burn
at 48 °C, and receives irreversible second-degree burn at 55 °
C [18, 19, 20]. Human skin tissue will be instantly destroyed
when come in contact to 72 °C [18, 20]. The time gap
between feeling pain and receiving burn is the escape time for
the ﬁreﬁghter to withdraw from a dangerous situation [18].
In this study, it was found that the reinforcement material
used in commercial FPC has the lowest thermal resistance
to heat when compressed on hot surface in comparison to
any other samples studied in this investigation as shown in
Figs. 6 and 7. Even a very thin and light layer of batting
(B1) has more resistance than the reinforcement material
used. On the other hand, the aerogel nonwoven material has
more compressive heat resistance than 10 layers of batting
material (B10). The overall performance of various samples
when subjected to compressive load on a hot surface at low
and high heat conditions is also shown in Figs. 6 and 7.
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Figure 6 shows the temperature rises behind various
samples when compressed on a 60 °C surface. It was found
that within 3 min of contact, the temperature to pain
threshold was reached and within 5 min ﬁrst-degree burn
temperature was reached for commercial reinforcement
material, whereas the temperature behind P1 was still below
36 °C even after 40 min exposure at 60 °C. Existing thermal
liner also showed nearly similar performance but slightly
better, while aerogel nonwoven (P1) showed the maximum
thermal resistance. The resistance of existing thermal liner
increased when the moisture barrier layer was used with it.
These differences were more clearly visible when the
samples were exposed to a high heat surface.
From Fig. 7 it can be seen that, when the samples were
compressed on a surface heated to 200 °C, the temperature
behind the commercial reinforcement material quickly
raised above 70 °C (temperature when instant burn on
contact occurs) within 30 s of contact while it took more
than 4 min to reach the same for aerogel reinforcement
material. Existing thermal liner (ET) showed slightly better
thermal resistance than sample Rinf, which was increased to
around 2 min when the moisture barrier layer was also
applied along with thermal liner (TM). Thus, aerogel non-
woven showed eight times more thermal resistance than
existing reinforcement material and 2 times more heat
resistance than combined heat resistance of thermal liner
and moisture barrier of current FPC.
Figure 8 explains the thermal resistance against burn
injury that can occur from different samples studied in
current investigation. Without any reinforcement material,
even when only the aerogel nonwoven is used instead of
current batting material, a ﬁreﬁghter will have 86 s before
feeling any pain, 107 s before receiving ﬁrst-degree burn
and will have 2 and half minutes before theoretically
receiving second-degree burn. Thus, a ﬁreﬁghter will gain
more than 1 min of escape time to withdraw from a danger
situation. This time gap is only 5 s for existing thermal liner
and reinforcement material. It can be argued that the aerogel
batting may make the FPC assembly bulkier and heavy in
comparison to existing combination. However, the reality is
that the combined weight of existing combination with a
reinforcement material is much higher than the proposed
aerogel combination (P1) as shown in Table 1. Hence, it is
obvious that the inclusion of aerogel nonwoven in ﬁre-
ﬁghter garment will highly increase the heat resistance of
the assembly without making the garment heaver in whole.
3.3 Air permeability
The air permeability is a parameter which plays an impor-
tant role in comfort of FPC. In general, clothing acts as a
barrier to free air ﬂow to the body. Easy air ﬂow increases
the rate of evaporation of body moisture and reduces the
body temperature, hence offers comfort to the body when it
is hot. Most reinforcement materials used for FPC are not
porous, though the porosity of reinforcement material is
very important. When a ﬁreﬁghter engages in an extremely
hot environment, the protective layers and air gaps in FPC
prevent the energy of the external ﬁre environment to
transfer to the skin. However, when the FPC is compressed,
the energy, which was in particular the stored energy within
the material, can be transferred inwards and may cause
sudden burn [17]. The Fire Protection Research Foundation
in USA studied 28 different turnout material conﬁgurations.
When a nonporous trim or reinforcement material is present
in a turnout system containing vapour-permeable moisture
barriers, it generally degrades the performance to second-
degree burn [17]. Considering the importance of this para-
meter, air permeability of various samples was measured.
The results are presented in Fig. 9.
The air permeability of existing thermal liner has been
found to be 4.8 mL/cm2/s at 50 Pa, whereas the commercial
reinforcement material (Rinf) was impermeable to air. On
the other hand, the air permeability of the proposed thermal
liner was found to be 3.87 mL/cm2/s at 50 Pa, which is
slightly lower than the existing thermal liner. However, the
air permeability of aerogel nonwoven was found to be
12.40 mL/cm2/s at 50 Pa, which is much higher than the
existing thermal liner. Therefore, when only an aerogel
batting material is used behind the outer layer (i.e. A
Fig. 7 Compressive heat resistance at high surface temperature (200 °
C) contact
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replaces B1 and S layers), the air permeability of aerogel
batting material will be around eight times of the air per-
meability of existing combination of thermal liner and
moisture barrier (ET+ S) as can be seen from Fig. 9. When
the combined performance of both thermal liner and
moisture barrier is considered (TM), the aerogel combina-
tion (P1/P2) will also offer better air permeability (i.e., the
air permeability of TM).
3.4 Resistance to one-way transfer of liquid
The reinforcement material used in this study was non-
permeable to liquid. Hence, the comparison of permeability
to liquid has been drawn between other samples except
commercial reinforcement material. The transfer of liquid
through textile fabric is a multidimensional process. A
portion of liquid can be absorbed in ﬁrst contact surface
while another portion can go through and also be absorbed
by the other surface. Wearer’s perception of moisture com-
fort sensations and clothing comfort is directly related to this
absorption of moisture or body sweat by the garment in the
garment–skin microclimate, and its transportation through
and across the fabric where it is evaporated [21–25].
Discernment of damp or clammy sensations is interrelated
with the fabric’s one-way transport capacity (OWTC) and its
overall moisture management capacity (OMMC). Here two
conﬂicting characteristics, comfort and protection, needed to
be balanced. Moisture barrier layer is used in modern FPC
to ensure both properties. The purpose of the moisture bar-
rier is to impart breathability in FPC. This barrier layer
makes the FPC impermeable to water while allowing the
moisture vapour to pass through. In this way, ﬁreﬁghters
remain protected against hot water and toxic liquids while
the sweat can be vapourized and released to the environ-
ment. In the current study, 9 g/L NaCl solution was used in
MMT apparatus as sweat according to the test standard.
Then, one-way transfer of liquid and moisture management
capability were measured and the results are shown in
Table 2. The negative OWTC values in Table 2 represent
that there was no transfer of liquid from the top surface to
the bottom surface. The wetting time of bottom surface was
120 s (means no wetting as total test duration was 2 min) for
all the tested samples, which indicates that the liquid did not
transfer to the bottom surface. Zero spreading speed on the
bottom surface is also evidence to this fact. Thus, it is
expected that the aerogel layer will act as a protective layer
for water and any such liquid.
Figure 10 also conﬁrms that the water dropped on the top
surface did not spread or go through to the bottom surface in
case of aerogel nonwoven (A) and exiting moisture barrier
(S). However, a ﬁreﬁghter may come in contact with a
variety of hazardous liquids. The moisture barrier layer
normally has good resistance to most of the organic and
inorganic chemicals. In the current study, though the
resistance of aerogel nonwoven against different types of
hazardous liquids was not tested, 75% H2SO4 was dropped
on sample A to observe the liquid penetration visually. It
was observed that aerogel nonwoven can repel even 75%
H2SO4 satisfactorily as can be seen from Fig. 11. However,
as the aerogel nonwoven is hydrophobic in nature, it may
act differently with organic liquids as those are oliophilic.
Hence, for the complete resistance to both organic and
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inorganic liquid transfer, perm-selective membrane may be
laminated on ambient side of aerogel nonwoven.
In case of sweat evaporation through the moisture bar-
rier, both TM and P1 show zero moisture management
capability. The face cloth of the thermal liner (F) is the
fabric that comes in contact with the skin, if no under-
garment is wearing. In existing combination, the moisture
barrier (S) stays behind the face cloth (F) and nonwoven
batting (B) of thermal barrier. Even though the liquid may
be absorbed and spread very quickly on the face cloth fabric
(F), and pass the porous batting material (B), the liquid will
be restricted by the moisture barrier (S) as it is impermeable
to liquid transfer as seen in Table 2. Hence, the overall
performance of combined sample (TM) has found to be
non-penetrating to liquid sweat and non-moisture manage-
able. Liquid moisture was blocked by sample S in case of
sample TM and by the sample A in case of proposed
combination P1. Thus, both existing and proposed thermal
liner shows similar resistance to one-way transfer to the
liquid. Similar face cloth is used in both P1 and TM; hence,
the sweat will be absorbed quickly from the body and will
pass through the face cloth and then reach the aerogel layer,
which will resist liquid/sweat similarly to the existing
moisture barrier layer. Then, slowly the sweat will evapo-
rate to the environment.
3.5 Moisture vapour resistance and permeability
index
The performance of the sweat evaporation was further tes-
ted by measuring the moisture vapour transfer of these
samples by using SGHP. Fabric comfort is demonstrated in
respect of two parameters, moisture vapour resistance and
the degree of evaporative cooling. The moisture
vapour transfer is the property by which sweat gets eva-
porated to the environment through the clothing assembly.
Lower resistance indicates higher vapour transfer rate and
vice versa. On the other hand, how quickly the moisture will
Fig. 10 Resistance against liquid transfer when water was applied on
top surface (Note: the blue circle on the top (inner) surface indicates
presence of liquid, while the full black circle on the bottom (outer)
surface indicates no signiﬁcant amount of liquid transferred through
the top fabric surface to the bottom fabric surface.)
Fig. 11 A drop of 75% H2SO4 on the surface of aerogel nonwoven
after 20 min of dropping
Table 2 Water transfer and
moisture management properties
Samples Wetting time (s) Absorption rate
(%/s)
Spreading speed
(mm/s)
OWTC OMMC
Top Bottom Top Bottom Top Bottom
A 5.44 120 138.8 0 0.89 0 −903.53 0
S 11.53 120 78.4 0 0.43 0 −660.15 0
TM 2.72 120 49.6 0 5.24 0 −898.89 0
P1 2.44 120 66.0 0 5.86 0 −1039.12 0
OWTC one-way transport capability, OMMC overall moisture management capacity
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be evaporated through the clothing assembly is
determined through moisture permeability index (imt).
Figure 12 indicates the moisture vapour resistance of stu-
died samples.
The commercial reinforcement material showed inﬁnite
value when tested in SGHP. The inﬁnite resistance to
moisture vapour indicates that the commercial reinforce-
ment material was totally impermeable to water and
moisture vapour. Hence, the performance of other samples
is presented in Fig. 13 excluding sample Rinf. Sample B
was an extremely porous batting material in the thermal
liner. Hence, its impressive vapour permeability as seen in
Fig. 13 is quite expected. However, when the assembly is
compared in Fig. 12, it was found that though the vapour
transfer of aerogel nonwoven is lower than the existing
moisture barrier, the overall performance is better with
aerogel nonwoven when both the batting and moisture
barrier is replaced with aerogel nonwoven. Regarding the
permeability index (Fig. 13), as the face cloth is same for
both existing and proposed combinations, the sweat
absorption from the skin will be same. The vapourization of
the absorbed sweat and the ability for the vapour to pass
through the batting and moisture barrier will be varied
depending on the combination. From Fig. 13, it is obvious
that aerogel and aerogel-based thermal liner has much better
vapour permeability index in comparison to existing
moisture barrier, thermal liner or their combination, which
indicates better evaporative cooling performance of pro-
posed thermal liner.
4 Conclusion
This paper investigated the potential use of aerogel non-
woven in FPC as zone-speciﬁc reinforcement material or as
an alternative to batting of thermal liner or moisture barrier.
From the results and discussion, the following conclusion
about aerogel nonwoven can be drawn:
(a) Excellent compressive heat resistance as a reinfor-
cement material: In the test conditions studied, it was found
that the temperature behind the commercial reinforcement
material quickly raises to 72 °C (temperature where instant
burn on contact occurs) within 30 s of contact, while it took
more than 4 min to reach the same for proposed aerogel
reinforcement material. It was measured that, without any
reinforcement material even when only the aerogel non-
woven is used instead of current batting material, a ﬁre-
ﬁghter will have 86 s before feeling any pain, 107 s before
receiving ﬁrst-degree burn and will have 2 and half minutes
before theoretically receiving second-degree burn at the
same condition. With nearly half weight of commercial
reinforcement material, aerogel reinforcement can provide
more than 1 min of escape time, whereas this time frame is
only 5 s for existing reinforcement material at the same
thermal condition.
(b) High thermal resistance to dry heat: Aerogel non-
woven can provide eight times more thermal resistance than
commercial reinforcement material and existing batting of
thermal liner. Again, when this aerogel layer is used as a
thermal liner, it will offer ﬁve times more resistance to heat
than existing thermal liner and three times more thermal
resistance than the combined performance of existing ther-
mal liner and moisture barrier.
(c) Improved air permeability: Aerogel nonwoven has
nearly three times of the air permeability of existing thermal
liner. Hence, when the air permeability of both existing
thermal liner and moisture barrier is considered, proposed
aerogel combination will offer much better permeability to
air.
(d) Comparable one-way transfer of liquid: The pro-
posed aerogel layer will provide similar resistance to the
transfer of water and other inorganic hazardous liquids. It
was observed that no penetration or spreading occurred
when 75% of H2SO4 was dropped on the aerogel layer. To
be resistant to all types of organic and inorganic liquids,
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further investigation is warranted, or it may require lami-
nating aerogel layer with perm-selective membrane.
(e) Enhanced evaporative cooling: The aerogel combi-
nation of face cloth and nonwoven (P2) has better vapour
transfer than existing combination thermal liner and
moisture barrier (TM). Regarding the degree of evaporative
cooling, an aerogel containing layer shows much higher
permeability index than existing thermal liner, moisture
barrier or their combination.
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Update: 
 
In the first paragraph under the heading of '1 Introduction", the statement of "Haynes and 
Tibbits [2] reports death tolls of firefighters in 100 years, where in a total of 378 deaths of 
firefighters, burn was the cause of 292 deaths’, should read as “ Haynes and Tibbits [2] reported 
that burn caused 292 deaths among 378 known causes of death in bushfire incidents from 1900 
to 2006.” 
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CHAPTER 
SEVEN 
PREPARATION OF ALTERNATIVE AEROGEL NONWOVENS 
Chapter 7 describes alternative methods of producing aerogel nonwoven. In chapter 6, 
impressive heat protection capability of aerogel nonwoven has been demonstrated. But as these 
commercial aerogel nonwovens suffer from bulkiness, dustiness and lower flexibility issues, 
current research attempted to produce flexible and less dusty aerogel nonwoven in alternative 
production methods. Electrospinning, thermal bonding, polymer regeneration technique, 
layered coated nonwoven etc were investigated. Except electrospinning techniques, most of 
these attempts ended with limited success. Details on these limited successful methods are 
given in appendix. In this chapter electrospinning method is described as this attempt 
introduces an innovative method to needlelessly electrospin and electrospray aerogel particle 
on textile.   
Electrospun nonwovens are extremely porous material. The aim of this study is to incorporate 
aerogel in electrospun nonwoven as the heat insulative property of aerogel can be combined 
with the porosity of such nonwoven structure. Initially conventional electrospinning method 
was tried.  It was found that aerogel particle clogs the needle during electrospinning and the 
process stopped after running for some time. Then the research attempted to develop needleless 
electrospinning of aerogel and successfully developed several techniques. In this chapter, 
production of aerogel nonwoven by using a new needleless electrospinning method has been 
discussed.  
This work has recently been published as  
Shaid, A., Wang, L., Padhye, R. & Jadhav, A. (2018). Needleless electrospinning and 
electrospraying of mixture of polymer and aerogel particles on textiles. Advances in 
Materials Science and Engineering, Vol 2018. DOI:10.1155/2018/1781930. 
Other successful methods of electrospinning aerogel particle on textile by using both needled 
and needleless methods are included in Appendix E.   
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Needleless electrospinning and electrospraying of aerogel particles in comparatively lower electric voltage (9 kV) have been
demonstrated in the paper. Aerogel particles were dispersed in polymer solution and then needlelessly electrospun/sprayed by
creating high electric charge at the syringe tip using a curved wire. FTIR spectra and SEM images proved that aerogel particles
were deposited onto the base textile. In case of electrospinning, a nanofibre web holding the aerogel particles covered the fabric
surface, whereas in case of electrospraying, aerogel particles deposited with the microdroplets of the polymer.The electrospraying
process showed great potential for fabric surface functionalization due to the high amount of particle deposition on fabric.The
new approach can be applicable for transferring other particulate materials on fabric surface through needleless electrospinning
and electrospraying processes.
1. Introduction
Electrospinning is a method where high electric force is used
as a mean to pull polymer solution and to produce very
fine fibres with the diameter in nanometre range. On the
contrary, if the polymer molecules do not have sufficient
molecular cohesion to withstand the electric pull to form
nanofibre, then the ejected stream breaks and creates drops
of polymer and the process is referred as electrospraying.
Though the method of electrospinning was invented in 1934
[1], it took more than 40 years to come to the needleless
method of electrospinning. The first needleless electro-
spinning was based on a ring spinneret [2], and gradually
various other shapes of spinneret were evolved. In the most
basic electrospinning setup, a high voltage is applied to
a metallic needle and polymer solution is extruded through
the hole of the needle.The voltage is continuously increased
to the point when the repulsive force between same charge
molecules exceeds the surface tension and a jet of polymer
solution erupts towards the grounded collector.The ejected
polymer jets experience instability in their path to the
collector which causes bending and stretching of the jet and
results in the production of very fine fibres. In needleless
electrospinning method, the needle is replaced with roller,
ball, disc, cylinder, beaded wire, and so on. All these nee-
dleless electrospinning methods can be divided primarily
into two groups: rotary and stationary spinneret needleless
electrospinning [3]. Rotary needleless electrospinning in-
cludes rotary cylinder, disc, ball, spiral wire coil, splashing
spinneret, cone, edge of metal plate, rotating roller, bowel
edge, rotary beaded chain [4–9], and so on. In stationary
spinneret needleless electrospinning, the use of vertical rod
[10], air bubble [11], conical wire coil [12], and metallic tube
electrode [13] has been reported. In current approach, we
used a curved wire inside the syringe and syringe tip to
condense high electric charge inside the tip where the
mixture of polymer and aerogel particles gets charged and
extruded to the collector.
Aerogel is a nanoporous material with extremely light
weight, high heat insulation, and impressive absorption
capability which can be utilized in numerous fields of ap-
plication like heat protection, oil absorption, and acoustic
insulation. Application of aerogel on textiles is a growing
interest, and gradually the field of application is expanding.
There are few possible ways how the aerogel can be com-
bined with textiles. Textile fibre, yarn, or fabric can be added
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into the aerogel precursor solution during its synthesis, or
already synthesized aerogel can be applied on fibre, yarn, or
fabric surface. There are plenty of literatures available
where the fibres are immersed into the silica solution to
prepare fibrous aerogel composite [14, 15]. In case of the use
of synthesized aerogel on textiles, the aerogel particles are
mostly used to maintain the flexibility of textile materials.
Several reports are available where aerogel particles are
either mixed with binder and knife coated on textiles
[16, 17], or padded with textile material [18], or thermally
bonded in nonwoven textile [19].
A very limited number of reports are available where the
electrospinning technique was used to combine both aerogel
and textile [20, 21]. Such approach is mainly to add elec-
trospun nanofibre into the aerogel precursor before aerogel
synthesis to produce fibrous aerogel. To the best of our
understanding, there was no literature available regarding
the use of synthesized aerogel particles in polymer solution
to electrospin aerogel containing nanofibre until 2015. The
application of aerogel particles in polymer solution to
produce nanofibre has recently been reported by Mazrouei-
Sebdani et al. [22]. Here, aerogel particles were mixed with
polymer solution and extruded through the hole of the
electrospinning needle by using high voltage. For the first
time, the current study aims to apply aerogel particle on
textile surface by using an innovative needleless electro-
spinning and electrospraying method. Without limiting the
polymer type, here one water-based polymer and one
solvent-based polymer solution were used to demonstrate
the concept of such electrospinning technique. In traditional
needled electrospinning of particles, clogging of the needle
hole is a major concern, whereas the needleless method
requires very high voltage as high as 120 kV [23]. In this
respect, the current method has a significant advantage that
it is a needleless approach and requires comparatively lower
power supply (9 kV).
2. Experimental
2.1. Chemicals. Laboratory-grade dimethylformamide (DMF)
was purchased fromMerck KGaA (Germany), PVA (polyvinyl
alcohol) was obtained from Chem-Supply (Australia), ther-
moplastic polyurethane (TPU) chip was purchased from Pa-
cific Urethanes (Australia), and Enova aerogel particles were
sourced from Cabot Corporation (USA). 100% Nomex woven
fabric was used as base textile. Cationic surfactant Parudul BS
was used to disperse aerogel particles. Aerogel particles were
grinded to smaller size by using the ball millingmethod prior to
the addition in the polymer solution. 9%PVApolymer solution
was prepared in deionised water, and then, the small amount of
binder material (Tubicoat WP1665 HT) was added in the
solution. 5% TPU solution was prepared in DMF at 40°C and
continued to be stirred for 8 hours.
2.2. Instruments. AKDS 200 digital syringe pump (from KD
Scientific Inc., Holliston, MA, USA) was used to maintain
a constant flow of solution. High voltage power supply,
ES30P-5W, with a maximum output voltage of 30 kV was
used to generate high voltage. A 10ml plastic syringe was
used. A solid metallic wire of 0.8mm diameter was inserted
into the syringe or the tip of the syringe in a formation of
loop while the tail of the loop was extended into the solution.
The morphology of the fabric after electrospinning and
spraying was observed using a FEI Quanta 200 scanning
electron microscope (SEM). A PerkinElmer 400 FTIR
spectrometer was used for the characterisation of the sample
within the range of 650 cm−1 and 4000 cm−1.
2.3. Needleless Electrospinning Method. A mixture of 1.5%
aerogel and polymer solution was prepared by very slow
addition of aerogel particles in the polymer solution with
continuous stirring.Then, few drops of ionic surfactant and
binder were added, and the mixture was continued to be
stirred for at least 4 hours before electrospinning. As shown
in Figure 1, a metallic wire was inserted into the tip of
a plastic syringe where the tail of the wire was extended to
the polymer mix and a curved loop was formed inside the
tip. The wire was connected with the high voltage source.
The highly charged wire inside the polymer mix charged the
molecules before reaching to the tip while the curved wire
loop in the tip condensed high electric charge. A rotating
drum collector, covered with Nomex fabric as base textile,
was attached with a grounded wire.The collector was placed
at 8 cm working distance from the syringe tip. Aerogel and
polymer mixture was supplied through the plastic syringe,
and the syringe piston was attached with the movable jaw of
the metering pump to maintain a constant rate of liquor
flow. When the high voltage source was turned on, high
electric charges were condensed on the curved wire inside
the syringe tip and charged the polymer-aerogel mixture. As
soon as the repulsive force of similar charges exceeded the
surface tension (at 9 kV), thin polymer jets with dispersed
aerogel particles were ejected towards the collector as shown
in Figure 2.The whipping instability thinned the polymer jet
and produced nanofibres. As the aerogel particles were also
ejected with the polymer jet, the produced nanofibre webs
deposited on the particles and bonded them on base textile.
2.4.NeedlelessElectrospraying. The same apparatus was used
to electrospray aerogel particle on fabric surface. To elec-
trospray rather than electrospinning, a lower concentration
of polymer solution was used. In this case, 1% aerogel
particle was dispersed in 5% TPU solution in DMF. The
aerogel-polymer mixture jet is ejected by the high electric
pull but breaks into numerous droplets while travelling
towards the collector due to the lack of sufficient molecular
cohesion. Aerogel-mixed polymer droplets deposited on the
base fabric surface and fixed therein by the physical bonding
of polymer and fabric.
2.5. Measurement of Fibre Diameter and Particle Size. The
particle size of transferred aerogel particle and the diameter
of formed nanofibre were measured by using ImageJ®,
a recognized software for porosity, particle sizing, and mea-
suring in an image.
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3. Results and Discussion
3.1. Transfer of Aerogel Particles. The fabric sample after
electrospinning showed a white layer of nonwoven web on
base textile. When this sample was observed under the SEM,
electrospun nanofibres were clearly visible with randomly
deposited aerogel particles.
It was observed that aerogel particles have been transferred
through electrical force along with nanofibres, deposited onto
the base textile, and bonded therein with the nanofibre
webs as hundreds of nanofibres covered the particles to
hold them on the fabric surface (Figure 3).Thus, the aerogel
particles were trapped between woven base fabric and
nonwoven electrospun nanofibre web. Like any other
usual electrospun web, here aerogel nonwoven was formed
as layers of electrospun web on base fabric. In general, the
fastness of such type of deposition will depend on the
features of the polymer (chemical composition, molecular
weight, solid content, etc.), the surface characteristics of
the base textile (fibre type, fabric construction, surface
finish, etc.), and electrospinning parameters. Thus, the
bonding strength will totally depend on the selection of
material and process parameters chosen by any individual.
Moreover, in many applications (such as filtration), the
Metallic wire
4
2 3 1
Ejected jet
Figure 2: Electrospinning/spraying setup.The plastic syringe was placed attached with the arm of the metering pump (1) and connected to
the high voltage source (4). A rotating drum collector (2) was connected to the grounded wire. When the voltage was turned on, the polymer
jet was ejected (3) from the syringe tip.
Metering pump
High voltage supply
1
2
7
3
5
4
6
Figure 1: Schematic diagram of the process setup. A curved wire (1) was inserted inside the syringe tip (3).The high voltage source was
connected to this wire.The textile fabric (7) was wrapped around the rotating drum collector (2) to act as base textile.The syringe (4) was
placed on the metering pump. When the high voltage was turned on, aerogel containing polymer mix (5) became charged and attracted
towards the collector. The syringe tip with wire is shown insight (6).
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firm bonding of deposited nonwoven layers is not
a major concern as the nonwoven stays between other
layers of fabric or material in sandwich construction. In
any case, it is obvious from the above discussion that the
developed method is an efficient way to needlelessly
electrospin aerogel particles and with comparatively
lower voltage.
In case of electrospraying, aerogel particles were
transferred through the microdrops of the polymer. In
Figure 4, the SEM micrograph clearly shows numerous such
drops on fabric surface covering almost entire base textile.
To ensure that the transferred drops are not just the polymer
clots, the FTIR analysis had been carried out. Figure 5 shows
the FTIR graphs of aerogel particles, fabric electrosprayed
(a) (b)
(c) (d)
Figure 3: Electrospun layer on base textile in normal view (a), under SEM (b), and at higher magnifications (c, d).
(a) (b) (c)
Figure 4: Electrosprayed aerogel particles on fabric surface. Higher magnification shows the sprayed drops of polymer containing numbers
of aerogel particles.
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only with the TPU polymer, and abovementioned electro-
sprayed sample which contains both aerogel particles and
TPU polymer.
From the FTIR spectra, it can be clearly seen that peaks
from both aerogel particle and TPU polymer-base fabric are
present in the electrosprayed sample. The FTIR spectra of
aerogel show an intense peak around 1089 cm−1 which is the
typical bending vibration of Si-O [23].The peak at 843 cm−1
is due to the bending vibration of Si-O [23, 24], and the peak
at 948 cm−1 is for the stretching vibration of Si-OH [25]. All
these peaks can also be seen at the electrospun sample which
evidences that aerogel particles were electrosprayed on base
fabric by the TPU polymer droplets.The amount of particles
transferred by the spraying method was higher than the
electrospinning method.
3.2. Fibre Diameter and Particle Size. The SEM images were
converted to 8 bit bmp images to analyze the particle size
and fibre diameter.The scale bar shown in each SEM image
was measured and taken to set scale in ImageJ. Fibre di-
ameter was measured in 20 different positions as shown in
Figure 6(a).
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200
(cm–1)
2000 1800 1600 1400 1200 1000 800 650
Aerogel particle
TPU electrospun
on base fabric
Aerogel-TPU
electrospun on
base fabric
Aerogel characteristic peaks
TPU and base fabric characteristic peaks
Figure 5: FTIR spectra of aerogel particle, polymer spun, and polymer-aerogel-mixed electrosprayed fabric sample.
(a) (b)
Figure 6: Measurement of fibre diameter (a) and particle size (b) by using ImageJ.
Advances in Materials Science and Engineering 5
Page 158 of 210
For particle size measurement, the threshold of the SEM
image was first adjusted to nullify the noises other than
particles themselves as shown in Figure 6(b).The diameter of
the electrospun nanofibre had seen uniform and mostly
regular without beads formation.The histogram in Figure 7
shows that the fibre diameter mostly laid between 241 and
293 nm. The diameter ranged from 189 nm to 368 nm with
an average value of 270 nm.
In the case of the particle size of transferred aerogel
particles, it was found that mostly the smaller sized particles
were transferred to the base textiles.The average particle size
of most of the particles ranges from 1 to 3 µm as seen in
Figure 8.
4. Conclusion
This paper demonstrates an innovative technique to
apply particulate material, such as aerogel particles, on
textile surface by using the needleless electrospinning/
electrospraying method. A curved wire was used inside the
syringe tip as an electrode to charge the particles and polymer
mix to generate electric force for discharging of the particles.
The SEM micrograph of resultant electrospun web revealed
that aerogel particles were transferred to the fabric surface and
bonded by the nanofibre web. The electrosprayed surface
showed no such fibre deposition, but the higher amount of
particle transfer was evident. The findings have numerous
opportunities to be utilized for the application of aerogel and
other particulate materials on textile or other surfaces using
the needleless electrospinning/spraying technique.
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CHAPTER 
EIGHT 
CONCLUSION 
This thesis has opened a new door of research in the area of firefighters’ protective clothing. 
The heat-resistive property of one material (aerogel) is coupled with the heat-absorption 
capability of another (phase change material) for the sole purpose of enhancing the thermal 
protection of clothing. The combined use of PCM and aerogel supports each other to perform 
better in	thermal protection. The ultimate objective of this study has been to investigate the 
applicability of aerogel and PCM on textiles for thermal protection with a focus on FPC. 
Through systematic investigation, the current study has laid several new stepping-stones for 
this particular research area. Thus, the knowledge base gained through this study will hopefully 
progress the research on thermal protective clothing few steps ahead. 
8.1 Research summary 
This research has developed an instrument for simultaneous measurement of the radiant heat 
resistance of fabric samples in a multilayer combination. The developed instrument was used 
throughout the entire research period.  
Research segment 1: The first research segment discussed in Chapter 5 is concerned with the 
combined application of aerogel and PCM in FPC. This section has described how the 
protection and comfort of FPC can be enhanced by the combined use of aerogel and PCM. The 
ambient side of a thermal liner face cloth was coated with silica aerogel while the next-to-skin 
side was coated with form-stable aerogel–PCM particles. The control fabric, which was coated 
only with binder polymer, took 4 minutes 42 seconds before reaching a point when the wearer 
would start to feel pain and 9 minutes 45 seconds before the wearer would theoretically receive 
burns. These time frames were 10 minutes 30 seconds and 21 minutes 42 seconds, respectively, 
for the developed aerogel–PCM face cloth. Hence, it can be said that the developed face cloth 
delays the time to reach the pain threshold for an extra 5 minutes and would be able to provide 
an extra 11 minutes to the wearer before receiving burns in the current experimental situation. 
It is certain from the investigation that the aerogel–PCM coated face cloth is capable of 
extending the time to reach the pain threshold and the pain alarm time for firefighters. As a 
result, the temperature in the skin–clothing microclimate will remain in comfort zone for longer 
duration and also the possibility of second-degree burn injury will be lowered. This extended 
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time frame or time delay to discomfort is the evidence of enhancing comfort and protection 
through the aerogel–PCM embedded face cloth.  
One main concern of the proposed embodiment may be the completion of phase transition by 
the incoming external heat fluxes before the body temperature starts to rise in the PCM’s phase-
transition zone. Even if this is the case, it proves that a portion of the external heat fluxes has 
to be absorbed by the PCM, which in turn will also slow down the temperature rise in the skin–
clothing microclimate. This temperature slowing down process in the skin–clothing 
microclimate will eventually help to cope with the heat stress. Hence, the simultaneous use of 
aerogel and PCM in FPC is undoubtedly capable of improving both protection and comfort.  
After the successful combined application of aerogel and PCM in FPC, in the second section 
of Chapter 5, the study concentrates on the process optimisation of the introduced coating 
additive from aerogel and PCM, as combined composite particles can be a medium to apply 
aerogel with PCM as ‘one’ material. In this regard, aerogel–eicosane microparticles have been 
developed with a maximum heat capacity of 198 J/g. Three different preparation methods – 
melt-infiltration, solvent-dissolving and combined melt-dissolving for particle dispersion – 
have been investigated and their performances thoroughly analysed. The nanoporous aerogel 
structure held the infiltrated eicosane, while the ultra-high specific surface area of the silica 
aerogel kept the surrounding eicosane in situ by surface tension. The infiltrated eicosane visibly 
did not notice to drip out from the microparticles even when heated more than three times 
higher than the melting point of eicosane. The developed microparticles provide ease of coating 
application at room temperature for thermal protective textiles. The coated fabrics also show 
significantly improved thermal resistance over the speculated phase-transition period of the 
PCM. This opens the opportunity for the developed microparticles to be utilised as a thermal 
protective coating additive in a wide temperature range without melting or dripping out from 
the applied substrates. 
In the final part of Chapter 5, further analysis on the combined application of aerogel and PCM 
has been described. As most of the PCMs used in clothing are petroleum derived, many 
previous studies expressed their concern about the flammability risk of clothing containing 
PCMs. Hence, the flammability of such applications has been studied. Without debating the 
flammability risk of the PCM, this study shows that the incorporation of aerogel with PCM can 
enhance flame resistance by reducing the flame-spreading speed and ease of ignition. A thermal 
liner fabric was treated with PCM and/or aerogel and the thermal properties were analysed. 
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Different from the first part, where the aerogel and PCM were coated on opposite sides to 
enhance comfort, in this part the aerogel was coated on top of the PCM. It has been found that 
the mean ignition time of a PCM-containing thermal liner is around 3.3 seconds, while this 
value significantly increases to 5.5 seconds when the combination of aerogel and PCM is used. 
Moreover, the weight of the liner fabric with aerogel decreases in comparison to a PCM-
containing liner. Aerogel also slows down the spreading of flame in a PCM-containing fabric. 
Thus, it can be said that the combined use of aerogel and PCM in fire-protective clothing will 
reduce the flammability risk.  
If a choice has to be made between PCM and aerogel to use as a single component, then this 
study also provides a suggestion on this. The lightweight but larger aerogel particles support 
the build-up of thicker but still lightweight coating, whereas the smaller but heavier particles 
of microencapsulated PCM forms a thinner but more weighty coated surface. Hence, in the 
performance of the final product, the aerogel-coated liner provides better flame resistance with 
much lower fabric weight. If the weight of the fabric is important, then the aerogel-coated 
fabric will be the best option as a lighter weight coated fabric. In the case of concern about 
thickness, the PCM-coated fabric will be a better choice as a thinner coated fabric. Aerogel-
topped PCM-coated fabric sits in between, with better overall performance. Again, when 
flammability is also considered, then aerogel-topped PCM-coated fabric is unparalleled. 
Research segment 2: The work done in the first research segment has identified the advantages 
of the combined use of aerogel with PCM in heat-insulating clothing. However, coating with 
polymer creates a film on the fabric surface which hinders the release of body heat. This 
limitation can be overcome by avoiding coating methods and applying aerogel–PCM on fabric 
through alternative porous application methods, such as nonwoven textiles or foam coating or 
creating breathable coatings and other similar approaches. Within a limited duration, this PhD 
study approached the problem with an aerogel nonwoven. 
The problem with aerogel nonwovens is their bulkiness, dustiness and very limited flexibility. 
In the current study, a commercial aerogel nonwoven was purchased to analyse its usability in 
FPC. As anticipated, it was observed that, although the thinnest available aerogel nonwoven 
was purchased, it had limited flexibility and was much thicker than any other component used 
in FPC. This nonwoven was found to be at least 10 times thicker than existing nonwoven 
batting material used in FPC and almost 6 times heavier. Its flexural rigidity was also 
significantly higher than that of any other component in FPC. Moreover, it is dusty in nature 
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due to the release of loose aerogel particles. Although all of the previous studies of aerogel 
application in FPC used aerogel nonwovens, none of them commented in detail on this physical 
aspect of aerogel nonwovens. However, one very positive thing about aerogel nonwovens is 
their impressive conductive heat resistance, which is much higher than that of the existing 
batting material. For this reason, the current study aimed to find a better use for this aerogel 
nonwoven in FPC other than its use all over the garment as a layer. Eventually it was found 
that aerogel nonwoven can be a very good replacement for the existing reinforcement material 
in FPC. Chapter 6 includes this section of the research. 
Investigation has been carried out to justify the use of aerogel nonwovens as reinforcement 
material and/or batting in the thermal liner or moisture barrier of FPC. Impressive results were 
observed in reducing the risk of burn injury, increasing comfort and enhancing protection. It 
was found that aerogel nonwoven can provide 8 times more thermal resistance than existing 
commercial reinforcement material and existing thermal batting material. When the aerogel 
nonwoven layer was used as a thermal liner, it offered 5 times more resistance to heat than 
existing thermal liners and 3 times more resistance than the combined performance of existing 
thermal liners and moisture barriers.  
Generally, knee and elbow reinforcements in FPC are used to protect firefighters when they 
crawl or perform activities by pressing knees or elbows on dangerous (hot, toxic, rough, etc.) 
surfaces. Hence, the possible burn injury under a compressive load and one-way transfer of 
liquid through this material was analysed. In the case of compression on a 200 ºC hot surface, 
it was found that the temperature behind the commercial reinforcement material quickly rose 
above 70 °C within 30 seconds of contact, while it took more than 4 minutes to reach the same 
temperature for the aerogel reinforcement material. This indicates that a firefighter would 
receive instant burn on contact in 30 seconds with existing commercial reinforcement material, 
while even without any reinforcement material, if only the aerogel nonwoven is used instead 
of the current batting material, a firefighter will have 86 seconds before feeling any pain, 107 
seconds before receiving a first-degree burn and have 2 and half minutes before theoretically 
receiving a second-degree burn in the same conditions. Thus, a firefighter will gain more than 
1 minute of escape time to withdraw from a dangerous situation, where it is only 5 seconds for 
existing thermal liners and reinforcement material. In the case of one-way transfer of hazardous 
liquid, it was observed that aerogel reinforcement is capable of completely resisting the 
penetration of water and 75% of H2SO4. Thus, it has been shown that aerogel nonwoven can 
be a very good reinforcement material in FPC. 
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Research segment 3: The limitation faced in research segment 1 was the impermeable nature 
of the coated surface. To address this issue, the application of aerogel nonwoven was studied 
in research segment 2. Although the currently available aerogel nonwoven had proved to be a 
very good reinforcement material, it suffers from its inherent limitations as discussed above. 
To produce a more flexible and less dusty aerogel nonwoven, the current study investigated 
electrospinning methods. The production of electrospun aerogel nonwoven is discussed in 
Chapter 7. A new method of needleless electrospinning and electrospraying aerogel particles 
on textile has been developed. Aerogel particles were dispersed in polymer solution and then 
needlelessly electrospun/sprayed by creating a high electric charge inside the syringe tip using 
a curved wire. The method requires comparatively lower electric force (9 kV) to electrospin 
polymer with aerogel particles. FTIR spectra and SEM images prove that aerogel particles were 
deposited onto the base textile.  
In the case of electrospinning, an electrospun fibre web covered the particles to secure them on 
the fabric surface, whereas in the case of electrospraying, aerogel particles were deposited with 
micro droplets of polymer. The electrospraying process shows more potential for application 
due to the high amount of particle deposition on fabric surfaces. This finding is significant as, 
for the first time, aerogel nonwoven has been produced through needleless electrospinning and 
electrospraying. While the current study was ongoing, the production of aerogel nonwoven was 
reported for the very first time using a needled method. In the needleless approach, the problem 
of needle clogging is eliminated and it is possible to electrospray comparatively larger aerogel 
particles than with the needled method. Thus, a new approach has been demonstrated to 
needlelessly electrospin and electrospray aerogel particles or other particulate material on 
fabric surfaces through this study. 
8.2 Scope of future work 
For the first time, the current study has combined the heat-resistant property of aerogel with 
the heat-absorbing capacity of PCM in FPC. Thus, it has presented a new area of applied 
research. There are plenty of opportunities for further research on current process optimisation, 
investigation of various methods to combine aerogel and PCM in textiles and identifying their 
usefulness in diverse fields of application.  
Firstly, more work is required on the current coating method regarding its breathability, particle 
loading and efficiency.  
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1. In the current study, to impart breathability methods of foam coating, hydrophilic 
coating and formation of a microporous coating were studied (as shown in Appendix 
A). However, these could not be finished due to the time limitation. Foam coating 
showed an improvement in breathability, but more investigative work is needed to 
increase the performance. The hydrophilic coating method was not very successful, but 
could be improved by the addition of a superabsorbent polymer. Superabsorbent 
polymer in coatings can act via a similar mechanism as commercial hydrophilic 
membrane and thus will be able to transport moisture from the skin to the climate and 
make the coating more breathable. Formation of a microporous coating was also 
attempted. Further work is required to explore the feasibility and practicality of this 
method. All the aforementioned methods, together with many other options, could be 
investigated to make the coating breathable. 
2. There is also good scope to maximise the particle loading with a minimum amount of 
binder polymer applied on fabrics. The performance of aerogel or PCM coated fabric 
completely depends on the actual amount of particles present in the coating. In the 
current study, it was not possible to add more than 12% aerogel or more than 30% PCM 
in a binder paste. If any new process or recipe can be formulated to optimise the particle 
loading, it will increase the thermal performance in FPC. 
3. To increase the percentage of aerogel particles and reduce the binder amount on fabric 
surfaces, other coating methods like spray coating, transfer coating etc. can be 
investigated.  
4. Alternative methods to transparent coating may provide better heat resistance of 
aerogel. As discussed in Appendix A2, the transparency of aerogel is an issue in radiant 
heat resistance which can be resolved by introducing an opacifier. 
5. The coating additive developed in the current study shows a bright prospect of 
application in thermoregulatory textiles. Further research is required to maximise the 
loading of PCM in the nanopores of aerogel. The pore size and porosity of the carrier 
aerogel play important roles in this case. Aerogels with different pore diameter and 
porosity can be investigated along with process optimisation.  
6. Full-scale performance analysis of the developed material is also required to be done. 
Clothing could be prepared from the developed fabrics and technology and then their 
performance could be evaluated in thermal and pyro manikins. 
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Secondly, to apply aerogel and PCM on textiles other than via coating methods, extensive 
research is required. Examples of alternative options include, but are not limited to: 
1. The formation of nonwoven containing aerogel and PCM using various methods such 
as electrospinning, thermal bonding, mechanical entrapping, padding, etc. Nonwoven 
structure has the advantage of high porosity, which can offer better insulation and 
breathability. However, the presence of aerogel may reduce the flexibility as in existing 
commercial aerogel nonwoven. Research on making flexible aerogel nonwoven is one 
of the recent trends. Hence, in future it would be good to see the combination of flexible 
aerogel nonwoven with PCM in thermal protective clothing. 
2. Electrospinning of aerogel to form a nonwoven structure holds very good promise with 
diverse applicability beyond its application in FPC. Currently the poor bonding of 
electrospun mat on base substrates is a major concern which needs to be addressed 
through extensive further research. 
3. In the current study, a regenerated aramid–aerogel nonwoven was prepared. However, 
it suffers from low strength. I believe that, with further research, it will be possible to 
produce an aramid–aerogel nonwoven for thermal protective applications. In this study, 
m-aramid was used which required mechanical drawing for polymer chain orientation. 
Hence, if a liquid-crystal polymer fibre such as p-aramid can be used, the strength may 
increase as it does not require mechanical drawing for chain orientation.  
4. Mechanical entrapping of aerogel in yarn or fabric structures could be another option 
to apply aerogel in FPC, as discussed in the literature review section. Hydrospace fabric 
and the laser-engraving technique are two examples of this opportunity. Mechanical 
entrapping of aerogel in fabric has the advantage of eliminating the need for additional 
auxiliaries like binders for aerogel application.  
Thirdly, the application potential of aerogel in FPC also needs to be explored from various 
other dimensions, such as the resistance of aerogel to pure radiative heat transfer and the 
flammability of aerogel itself in extremely high temperature or longer duration of flame 
exposure. Again, there are plenty of opportunities to investigate the combination of aerogel 
with PCM in FPC. Our first study (Thermal protection and comfort properties of aerogel and 
PCM-coated fabric for firefighter garments as published in the Journal of Industrial Textiles) 
investigated this applicability from one dimension whereas the other study (Effects of aerogel 
incorporation in PCM-containing thermal liners of firefighting garment as published in 
Clothing and Textiles Research Journal) explored it from four other perspectives. I believe 
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there are more ways of combining aerogel and PCM which need to be investigated. 
Furthermore, the application potential can be based on both perspectives of protection and 
comfort. There is a good possibility that the weight and thickness of FPC can be reduced by 
using aerogel and/or PCM. Aerogel is the lightest possible solid. Proper application of aerogel 
will surely reduce the weight. However, more in-depth, continuous research is required to apply 
aerogel in FPC without limiting the flexibility, movement or ergonomics.  
Finally, the combination of aerogel and PCM may have better uses in many other fields than 
FPC. As an example, releasing body heat through the coating is a concern in FPC, whereas in 
cold-weather clothing, retaining body heat is the objective. Here the impermeable nature of the 
coating could be an added benefit. Aerogel and PCM coated textiles have good potential to be 
used in this case. Similarly, it is possible that the limitations of current development in one 
application field can be deemed desirable properties in other fields. Thus, the current research 
could be further extended in many different directions. 
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Appendix-A 
Efforts with limited success and works left for future research 
This appendix provides a brief summary of the earlier efforts which were taken to resolve 
several research problems within the current focus but decided to work in the future. The 
problems are either answered with limited success, or unsuccessful due to limited experiments.  
First effort was to prepare ‘regenerated aramid-aerogel’ nonwoven. Initial trials showed good 
prospect as regenerated aramid-aerogel nonwoven was prepared. After this limited success, the 
work did not continue as the produced nonwoven lacked strength. In second attempt, another 
important research problem was tried to resolve. Transparency of silica aerogel is a problem 
for heat insulation as at high temperature, radiation heat can pass through transparent aerogel. 
Opacifiers are normally introduced in the aerogel structure to make them better resistance to 
radiative heat. However, aerogel synthesis and modification was deemed as out of track in 
current research aim. Hence, in limited attempt the performance of aerogel behind fabric 
structure against radiative heat transfer had been investigated. Interesting observations were 
found and included in section- A2 of this appendix. Section A3 presents another effort which 
was taken to make the aerogel coating breathable. In near future, these three additional research 
segment can be perused for new development.  
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Section A1  
Regenerated aramid-aerogel nonwoven 
A1.1 Introduction  
Both aerogel and aramid has good resistance to heat transfer. Hence, the idea was to produce a 
nonwoven where the aerogel particles will be imbedded in the nonwoven structure during its 
synthesis.  
A1.2 Material and method  
First meta-aramid fabric was cut into small pieces and dissolved in 50/50 mixture of DMAc 
and DMF in presence of LiCl salt. Then aerogel particles were slowly added into the dissolved 
polymer and stirred. Finally the aerogel-aramid mixture was casted on glass plate (formation 
of ‘aramid-aerogel nonwoven’) or on the thermal batting material (formation of hybrid aramid-
aerogel nonwoven’).  
 
Several recipes and procedures were investigated. Two examples are included here as to 
demonstrate the concept- 
 
Example-1: 
i) Take 100 cc DMAc  (88.53 g in weight) in a conical flux and add 3.54 g (4% of 
solvent) LiCl salt in it. 
ii) Stir until dissolved.  
iii) Add 3.54 g (4% of the solvent) chopped aramid fabric and continue stirring. 
iv) Increase the temperature to 80RC and stir for 6 to 8 hours until all the fibres are 
dissolved to produce a greenish clear viscose solution. 
v) Add aerogel particle (as required) with continuous stirring. 
vi) Cast the solution on a glass plate or container or on conventional nonwoven batting 
vii) Carefully immerged the sample into the cold-water bath for solvent exchange. 
viii) Aramid-aerogel nonwoven will produce immediately as soon as the mixture touches 
the water.  
ix) Change water few times with care to ensure complete removal of organic solvent. 
x) Take out the regenerated aramid-aerogel nonwoven from the water bath 
xi) Dry in room temperature for 24 to 48 hours.  
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xii) Do not oven dry, which causes the produce nonwoven more brittle and crispy. 
 
Example-2:  
i) Take 50 cc DMAc and 50 cc DMF in a conical flux and add 3.61 g  LiCl salt in it. 
ii) Stir until dissolved.  
iii) Add 3.61 g chopped aramid fabric and continue stirring. 
iv) Increase the temperature to 80RC and stir for 6 to 8 hours until all the fibres are 
dissolved to produce a yellowish-greenish clear viscose solution. 
v) Rest of the process are as Example-1. 
 
 
Fig A1.1: Production of aramid-aerogel flexible nonwoven. From top left- chopped fabric and solvent 
mix, dissolved polymer solution, casted on glass plate, taking out the dried nonwoven, dried circular 
nonwoven casted in circular beaker, flexibility demonstration. 
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A1.3 Results and discussion  
The images of the aramid-aerogel nonwoven production at different stage is shown in  
Fig A1.1. Two types of nonwovens as produced are shown in Fig A1.2 and A1.3.  
 
 
Fig A1.2: Pure ‘Aramid-aerogel nonwoven’ without any batting. 
 
 
Fig A1.3: Hybrid aramid-aerogel nonwoven 
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 Pure aramid-aeroegel nonwoven was found flexible but has low strength. On the other hand, 
the hybrid aramid-aerogel nonwoven was found stronger due to the strength of base nonwoven. 
The thermal resistance to dry heat of produced hybrid aerogel-aramid nonwoven material was 
measured and compared with the traditional thermal liner batting of FPC. The aramid-aerogel 
nonwoven batting showed significantly higher thermal resistance than existing batting material 
as can be seen from Fig A1.4. 
 
 
Fig A1.4: Thermal resistance of hybrid aramid-aerogel nonwoven batting (including bare plate 
reading) 
A1.4 Conclusion 
This part of research had limited success regarding production of aramid-aerogel nonwoven. 
As the produced regenerated aramid-aerogel nonwoven was found to have low strength and 
less flexible, no further investigation was carried out. When the aerogel-aramid mixture was 
casted on to a thermal batting, the hybrid nonwoven showed good thermal resistance. Hence, 
this part of research may be continued in future to increase the flexibility and strength of such 
nonwoven.  
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Section A2:  
Radiant heat resistance of transparent aerogel 
A2.1 Introduction 
Everything whose temperature is more than absolute zero, radiates energy as electromagnetic 
radiation. As we know the radiant heat energy is not limited to any material, it can even transfer 
through vacuum. Thermal radiation is absorbed, emit and scattered by the fibre where the 
absorption and scattering depends on the optical properties of the polymeric material, its size, 
shape and orientation [1]. Most of the polymers are strong absorber of radiant heat  [1]. Hence, 
polymeric coating on fabric (which is another polymeric material) has good potential to resist 
radiant heat transfer. In fabric form, incident radiant heat can be absorbed, reflected and 
transmitted through the fabric pores. However, in a layered construction of clothing, the 
surfaces will interfere with radiative heat transfer by interrupting the energy flow and thus it 
will reach the temperature which is average of the temperature of the two surface (in a two 
layer construction) by cutting the temperature difference in two [2]. Again, the true nature of 
incident radiant heat is another crucial parameter for this type of heat transfer. National Bureau 
of Standards in USA identified that the heat transfer through fabric is generally higher when 
the incident heat flux is radiative only, rather than a mixture of radiative and convective heat 
fluxes [3, 4].  
 
In current research, the coating with silica aerogel raised an ambiguity as the silica aerogel is 
transparent. Generally, silica aerogel is an excellent insulator for conductive and convective 
heat transfer. It let enter the UV and visible radiation of the electromagnetic spectrum while do 
not permit the infrared radiation [5] from heat source. Akimov et al. also mentioned that aerogel 
strongly absorb IR radiation [6]. However, its transparency is a problem for pure radiant heat 
resistance, specially in the wavelength regions from 3 to 8 µm [7]. Aerogel can absorb radiation 
quit well even above 5 Pm [8]. Absorption of radiation by aerogel depends purely on the 
wavelength of the radiation. Normally absorption is high at O > 8 Pm, comparatively low at O 
= 5–8 Pm, very low at O = 3–5 Pm, and again rises at O < 3 Pm [6]. The weakest range is the 3 
to 5 Pm. With rising temperatures the spectrum of thermal radiation gets shifted toward shorter 
wavelengths. Hence, if silica aerogels are to be used at temperatures above 200R C, this mode 
of energy transport must be suppressed [9]. But in our case where the aerogel is applied on the 
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face cloth, it is quite unlikely that aerogel layer will expose to such high temperature radiation 
as it will stay behind three more layers (outer shell, moisture barrier, thermal batting). In our 
case it was observed that the temperature behind moisture barrier was maximum ~80R C (Fig 
8, Chapter 5.3) and aerogel layer received heat radiation from this layer. Rossi et al. [10] also 
observed that the maximum temperature between the thermal liner and the firefighter’s under 
garment can reach from 48R C to 62R C [10]. Thus, in our case, the transparency of aerogel is 
not a major problem. To increase the radiant heat resistance of transparent aerogel to direct 
exposure to high heat radiation, opacifiers like TiO2 or carbon black are normally introduced 
in to the aerogel structure [7]. In this study, opacification of aerogel was not in main concern; 
rather the performance of aerogel behind fabric layers was investigated as the incident heat in 
our case is a mixture of convective and radiative heat flux which directed to aerogel layer 
through layers of fabrics and polymer. In spite of this, in current PhD study, it was important 
to resolve the ambiguity regarding the effectiveness of aerogel coated fabric against heat 
radiation. Hence, in this research segment, it was tried to understand the effectiveness of 
aerogel-coating against radiant heat, especially behind the fabric layer as in FPC. In this 
investigation, the protective performance of aerogel coated layer behind a single fabric layer is 
compared against its protection to direct radiant heat exposure. From the investigated data, it 
was clearly seen that aerogel coated surface acted as a better resistant to radiant heat when stays 
behind fabric layer whereas it shows more resistance to heat in direct exposure against the 
conductive heat.  
A2.2 Material and method 
Five fabric samples were coated with 1%, 2%, 3%, 4% and 5% aerogel containing paste and 
another fabric sample was coated only with binder. Then their thermal resistance against 
conductive and radiative heat resistance were analysed in two ways- firstly, by exposing coated 
surface to heat source, and secondly by exposing the back side of the coated surface (thus 
aerogel stays behind one layer of fabric) towards heat source. Different samples were coded as 
follows- 
Code Fabric sample 
A1f 1% aerogel coated fabric. Coated side exposed to heat source. 
A1b 1% aerogel coated fabric. Backside exposed to heat source. 
A2f 2% aerogel coated fabric. Coated side exposed to heat source. 
A2b 2% aerogel coated fabric. Backside exposed to heat source. 
Page 175 of 210
A3f 3% aerogel coated fabric. Coated side exposed to heat source. 
A3b 3% aerogel coated fabric. Backside exposed to heat source. 
A4f 4% aerogel coated fabric. Coated side exposed to heat source. 
A4b 4% aerogel coated fabric. Backside exposed to heat source. 
A5f 5% aerogel coated fabric. Coated side exposed to heat source. 
A5b 5% aerogel coated fabric. Backside exposed to heat source. 
Bf Only binder coated fabric. Coated side exposed to heat source. 
Bb Only binder coated fabric. Backside exposed to heat source. 
N Normal uncoated fabric 
A2.3 Results and discussion 
To analyse the resistance against conductive heat, samples were placed on the heated plate of 
SGHP and Rct values were determined. As the samples were touching the heated surface, only 
medium for heat transfer was the conduction through the fabric. On the other hand, to analyse 
the resistance against radiative heat, samples were placed 10 cm above a hot surface heated to 
200R C. Then the temperature change was measured on the opposite side of the fabric to analyse 
the resistance property of the sample.  
It was observed that coating with aerogel certainly increase both radiative and conductive heat 
resistance but the resistive behaviour against conductive and radiative heat exposure differs. 
(A) Resistance against direct and indirect conductive heat exposure of aerogel layer: 
In case of conductive heat resistance, the aerogel coated surface showed gradual increment in 
resistance with the increment of aerogel percentage as shown in Fig A2.1. 
 
Fig A2.1: Resistance of aerogel coated layer against direct and indirect conductive heat 
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Unlike the radiant heat exposure, the thermal resistance increases when the aerogel coated 
surface touched the conductive heat source in comparison to the backside touching the heat 
source. Another noticeable fact is that the binder coated fabric showed lower resistance than 
the uncoated fabric. This result can simply be explained as the higher conductivity of binder 
polymer than the fibre polymer itself. Hence, proper choice of binder polymer is essential for 
thermal resistive fabric. Important finding to note from the conductive heat resistance analysis 
is that the same fabric will show more thermal resistance if the aerogel coated surface faces the 
hot surface rather than the uncoated backside of the fabric. 
(B) Resistance against direct and indirect radiative heat: 
First the samples were exposed directly to the radiative heat source by placing the aerogel 
coated side face-to-face with heat source. The results are in Fig A2.2. 
 
Fig A2.2: Resistance to direct radiative heat exposure of aerogel coated surfaces. 
In another set of reading it was also found that binder coated fabric shows better resistance than 
1% or 2% aerogel coated fabric and the resistance of aerogel coated fabric increases with the 
increment of aerogel percentage. But from the investigation it is clear that the resistance of 
aerogel coated surface increases with the increment of aerogel percentage on fabric surface.  
 
Again, when the back side of the coated surface was faced to the heater, it was seen from all 
the samples that their resistance increases significantly.  In this case all these same samples 
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fabric. Thus, the radiant heat fluxes which interacted with the aerogel layer were less intense 
due to their absorption, reflection and limited transmission on the first surface. The results are 
shown in Fig A2.3. 
Fig A2.3: Comparison of radiative heat resistance at direct (f) and indirect (b) exposure. 
The intensity of radiation heat which was experienced by the aerogel layer was lower when the 
backside of the coated surface was placed against radiation heat source in comparison to the 
intensity when the coated surface was placed against the radiation heat source. The 
transparency of aerogel to radiation heat, may have a vital role in this case which can be deemed 
by the faster temperature rise at direct exposure.  
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To explore the scope of improvising the resistance in direct radiant heat exposure, limited trials 
were run by tinting the binder with red dyes as shown in Fig A2.5. Dark coloured fabrics are 
up to 70% reflective at wavelengths in near infra-red regions whereas irrespective of colour 
almost all fabrics reflect poorly in the far infra-red and ultraviolet regions while white and light 
colour fabrics reflect well in the visible range [11]. The spectral distribution of the radiated 
energy from the fabric will depend on the temperature of its surface. Increase in temperature 
results causes lowering in the wavelength of which makes the main portion of emitted radiation. 
In this trial, it was assumed that the colour will make the binder optically non-transparent and 
the reflectance in near infra-red region will be increased due to dark coloured coating which 
may favourably affect the overall resistive capacity of the aerogel coated fabric. Two pieces of 
fabric was coated with aerogel paste at the same time but with two binder pastes- coloured and 
uncoloured. After preparing normal coating paste with aerogel, the paste was divided into two. 
One portion kept as it was and the other part was tinted with few drops of red dye. Then two 
pieces of fabric were coated at the same time with these two coating pastes by keeping all other 
parameters exactly the same. Then the samples were dried, cured and exposed to radiant heat 
source together. The results are as seen in Fig A2.4. 
 
Fig A2.4: Performance of aerogel coating with coloured and uncoloured binder. 
Very negligible changes in performance were noticed which can be omitted. This result was 
not very surprising as the radiation heat spectrum which passes through the aerogel has 
different wavelength than the visual spectrum in electromagnetic wave. Then further research 
on binder or aerogel opacification was abandoned to keep the study within the boundary of 
current focus. Hopefully in near future more investigation can be carried out on this context. 
 
 
20.5
25.5
30.5
35.5
40.5
45.5
50.5
1 14 27 40 53 66 79 92 10
5
11
8
13
1
14
4
15
7
17
0
18
3
T
em
pa
ra
tu
re
 (°
C
)
Time (2×Sec)
Aerogel coated with
colored binder
Aerogel coated with
uncolored binder
Page 179 of 210
A2.3 Conclusion 
All these findings show a common trend that the thermal resistance increases with the 
increment of aerogel on fabric surface. Form the investigation it was clear that aerogel coating 
on the thermal liner facecloth of FPC will be effective to increase the thermal resistance against 
both conductive and radiative heat. The summary drawn from this investigation is that -aerogel 
coated side of the fabric has inferior resistance than its uncoated backside against radiation heat 
exposure while the aerogel coated side has better resistance than backside against conductive 
heat exposure; but in both cases thermal resistance increases with the increment of aerogel 
percentage. Following general findings can be claimed from this -  
 
Firstly, thermal resistance of aerogel coated fabric against both conductive and radiative heat 
exposure increases with the increment of aerogel percentage on fabric surface.  
 
Secondly, aerogel coated fabric has better resistance to indirect radiant heat exposure than 
direct radiant heat. Thus, aerogel coated thermal liner will perform better (as it stays behind 
other layer(s)) than coating of aerogel on outer layer against radiant heat. 
 
Thirdly, aerogel coated fabric will show more resistance against conductive heat transfer when 
exposed directly to the heat source rather than its indirect exposure behind fabric layer. Hence, 
if the resistance to conductive heat is the main concern (like using as knee reinforcement 
against compressive heat resistance on hot surface), then it should be coated on the ambient 
side of the fabric, where the coated surface faces the heat before back surface.  
 
Thus, this research segment answered the ambiguity regarding the effectiveness of aerogel 
coating against radiation heat. Though the transparency of aerogel is a limitation for radiative 
heat resistance, aerogel coating behind fabric layer is still effective to increase the thermal 
protection against a source of radiative heat. While this statement is justified by the results, at 
the same time the transparency of aerogel to pure radiative heat is also true. This contradiction 
is the evidence that even though the heat came from a radiation source, the heat energy which 
interacted with the aerogel layer was not essentially the pure radiative heat but a mixture of 
convective and radiative heat fluxes. The radiation heat which was exposed to the surface was 
absorbed, reflected and scattered by the coated and/or fabric layer while a portion of it actually 
interacted with the aerogel particles. Further research is required to properly investigate the 
Page 180 of 210
nature of radiative heat transfer through transparent, but coated aerogel behind fabric layers. 
However, this research path was beyond the boundary of current PhD study. In current study, 
it was required to know the effectiveness of aerogel coated layer and this is verified by this 
research section.  
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Section A3:  
Breathable coating 
A3.1 Introduction 
Polymeric coating on fabric creates a film on the surface which hindered the release of body 
moisture and results in poor evaporative cooling. Hence, in current research alternative 
application methods of aerogel on fabric surface were investigated. Chapter 6 shows an 
approach to apply aerogel on fabric surface by electrospinning and electrospraying. While the 
electrospinning method was successful as demonstrated in Chapter 6, other approaches of 
making the aerogel coating porous were either unsuccessful or gained limited success. In this 
appendix, these approaches are noted. 
A3.2 Hydrophilic and microporous coating 
Hydrophilic coating acts as the same adsorption-diffusion-desorption mechanism, similar to 
the hydrophilic membrane as discussed in Section 2.3.1.2 of Chapter 2. To investigate the 
possibility of improvising breathability of aerogel coated fabric, polyvinyl alcohol was 
incorporated into PU based coating and their Ret values were studied. It was observed that the 
absorption of vapour takes place rather than expected adsorption. The coating absorbed 
significant amount of water vapour, but did not diffuse the water properly which was necessary 
for the desorption of water through opposite surface. As a result, moisture vapour stored as 
water under the coated surface and swell the fabric as shown in Fig A.3.1. Needless to mention 
that the Ret values found was infinite. 
 
Fig A3.1: 
Swelling of 
coated surface 
due to the 
absorption of 
vapour by 
binder during 
testing of Ret 
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In second effort, to make the coating microporous, thermocoagulation method of PU coating 
was exercised as discussed by Holmes in section 12 of the Hand book of technical textile 
[Holmes, David A. "Waterproof breathable fabrics." Handbook of technical textiles (2000): 
282-315]. Thermoplastic polyurethane (TPU) was dissolved in solvent mixture of DMAc, 
DMF and/or tubicoat with few drops of thickener. Then the polymer mix was coated on a fabric 
surface. According to the mechanism it was expected that micropores will be created in the 
coated surface due to step by step solvent evaporation during drying and curing. The dried film 
was observed in SEM (Fig A3.2) and porosity was visually compared with commercial porous 
membrane. No significant porosity was found in magnification range up to 10k.  
 
Fig A3.2: GoreTex moisture barrier (A), Tubicoat coated (B), and Thermocoagulation coated sample 
(C). 
However, when a cotton fabric was coated with solution of TPU dissolved in 50/50 solution 
mixture of DMF/DMAc and the performance of coated fabrics (Ret) was analysed against 
another sample coated with traditional binder Tubicoat W1665, better results was observed as 
shown in Table A3.1.  
Table A3.1: Resistance to vapour permeability of microporous and traditional coating 
Sample Resistance to vapour permeability, 
Ret (Pa m2/W) 
Uncoated cotton fabric 9.335 
Coated with TPU in solvent mix first sample 13.532 
Coated with TPU in solvent mix second sample 11.425 
Coated with traditional TPU binder (Tubicoat) Infinite resistance 
Note: Values inclusive bare plate reading 
The results indicate that in thermocoagulation method of coating can offer lower vapour 
resistance and better vapour permeability than coating with traditional binder. Further 
investigation is required in this aspect.   
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 A2.3 Innovative coating method to create aerogel batting 
Conventional knife coating of aerogel particle creates an impermeable polymeric film on fabric 
surface. Again, due to the particle saturation limit in binder emulsion, the actual amount of 
aerogel particles on coated fabric surface is not possible to increase after certain limit. To 
overcome this limitation and make a porous aerogel batting material through coating, an 
innovative coating method was practiced.  
 
Method: The method is based on coat on coat process, but different from the conventional 
process. First a layer of nonwoven batting was coated only with dry aerogel particles to evenly 
lay down the aerogel particles on entire area of coating surface. Then the aerogel spreader 
surface was combed evenly to create narrow parallel lines which exposes the base fabric after 
certain distance in a controlled pattern. At second stage, another layer of similar sized 
nonwoven batting was carefully placed on topped of the first one and fixed with the pins of the 
coating frame to keep it in place during coating stroke. Finally, the adhesive binder emulsion 
was coated on the top surface which penetrated the layers of batting and bonded both bating 
layers together, entrapping aerogel layers in-between. Then the sample was dried and cured as 
usual. Thermal resistance of the formed sample was then measured with SGHP. 
 
Result: A flexible aerogel coated thermal batting was prepared as shown in Fig A3.3. Unlike 
conventional aerogel coating, this batting material is highly porous as it did not create a solid 
impermeable film on fabric surface. The binder emulsion which was on the aerogel surface, 
created a cracked broken film whereas the binder emulsion in the combed area bonded the two 
layers of batting and acted as stitching.  
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Fig A3.3: Coating method and coated sample 
The thermal resistance of this nonwoven material was found remarkably higher than the aerogel 
coated fabrics which is developed in normal coating method . Though this resistance is not as 
high as the commercial aerogel nonwoven (a very thick and rigid nonwoven structure), the 
flexibility of such coated batting is much better as shown in Fig A.3.4. 
 
Fig A3.4: Thermal resistance [values inclusive bare plate reading], flexural rigidity and thickness of 
produced aerogel batting in comparison to commercial aerogel nonwoven and thermal batting 
Though the produced aerogel batting shows good promise to be used in FPC as thermal batting, 
the bonding between two layers was found weak. This problem can be overcome by using 
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thermal bonding technique (by adhesive powder or using low melt-high melt fiber) or by 
appropriate modification of current process. This part of the work will be investigated in future. 
A3.4 Foam coating 
In direct coating method, resin material penetrates in to the fabric structure due to the pressing 
of knife/blade and forms an impermeable film. Thus, the coated fabric loses its breathability. 
Foam coating method greatly reduce the amount of resin which penetrates into the fabric. 
Hence, to increase the breathability of aerogel coated fabric, foam coating method was studied. 
Thermal liner face cloth was coated using both foam coating and conventional coating methods 
and their thermal resistance and breathability were analysed. Results are shown in Fig A3.5. 
 
Fig A3.5: Breathability and thermal resistance of aerogel coated fabric. [values include bare plate 
reading] 
It was observed that though the foam coated fabric has almost similar thermal resistance (Rct), 
it has better breathability (Ret). Hence, this approach too could be carried out in future study. 
A3.5 Conclusion 
Each approach as demonstrated in this appendix has good prospect of future investigation. In 
current stage, breathability of aerogel coated fabric is a major drawback. Extensive future 
research is required to investigate the applicability of alternative coating methods like foam 
coating, spray coating, thermal bonding etc. with chemical modification for porosity and binder 
alternatives.   
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Appendix-B 
Coated and Nonwoven application of aerogel 
B1. Introduction 
This appendix is the turning point of current research where the research focus was shifted 
from coating method of aerogel to the use of aerogel nonwoven. The results found in previous 
sections (Section 5.1, 5.2 and 5.3) showed good potential of aerogel application in FPC, but 
with limited breathability. This drawback was addressed by alternative application methods 
like foam coating, microporous coating, hydrophilic coating etc as discussed in Appendix A3. 
In this Appendix, potential use of aerogel nonwoven is justified which build the base for 
Chapters 6 and 7. The literature review showed that the previous investigations on the 
application of aerogel in FPC were based on the use of aerogel nonwoven. The reason is quite 
understandable. Aerogel nonwoven has impressive heat insulation properties. However, 
commercial aerogel nonwovens are thick and dusty material. In our study, it was also found 
that even the thinnest commercial aerogel nonwoven available in the market was purchased, it 
was 10 times thicker than the normal thermal batting of FPC. Moreover, it is a rigid material 
with very limited flexibility. Hence, in this study we tried to identify alternative useability of 
this aerogel nonwoven where its excellent heat insulation property can be better used. In this 
appendix, a comparative study on the physical parameters of commercially available aerogel 
nonwoven has been drawn with the aerogel coated fabric and with an innovative type of aerogel 
nonwoven that is thinner and has much better flexibility.  
B2. Material and methods 
Commercial aerogel nonwoven was purchased online from buyaerogel.com. Aerogel coated 
and alternative aerogel-nonwoven were developed in the laboratory. Then the thickness, 
weight, flexural rigidity and thermal resistance (Rct) of the samples were investigated. Flexural 
rigidity was measured according to the standard AS 2001.2.9 and calculated using the 
following equation. 
G= 9.8mC3 X 10-6 
Where, G = flexural rigidity in µN.m; m = fabric weight in gm/m2; C = mean bending length 
in mm. 
 
Page 187 of 210
B3. Results and discussion 
The performance of the samples with their physical parameters are given in Table B3.1.  
Table B3.1: Physical parameters and thermal resistance 
Sample Fabric 
structure 
Thickness 
(mm) 
Weight 
(gsm) 
Flexural rigidity 
(µN.m) 
Rct (m2.°C/W) 
Commercial aerogel 
nonwoven 
Nonwoven 3.27 285 1525.45 0.189 
Aerogel coated fabric Woven 1.23 406 535.59 0.037 
Developed alternative 
aerogel nonwoven 
Nonwoven 1.1 247 381.16 0.075 
 
From the results, it is clearly visible that the commercial aerogel nonwoven lacks suitable 
drapability to be used in clothing. Though commercial aerogel nonwoven has very good 
thermal resistance, it is thick and rigid material. The aerogel coated sample is the heaviest 
among all the sample which was expected as it is a woven construction and contains significant 
amount of resin material from coating. However, the alternative aerogel nonwoven showed 
very good potential having comparatively impressive thermal resistance with thinner and 
lighter construction. 
B4. Conclusion 
The commercial aerogel nonwoven proved to be unpractical to use in FPC due to its rigidity 
and bulkiness. This investigation initiated the research Segment 2 and 3 of current study to 
explore alternative use or new development of aerogel nonwoven as discussed in Chapters 6 
and 7.  
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Appendix-C 
 Supporting information for Chapter 5 
 
This appendix has been divided into three segments according to the three chapters in the 
main thesis.  
Sections C1, C2 and C3 contain background information regarding thesis Sections 5.1, 5.2 
and 5.3 respectively.  
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Section C1 
 
C1.1 Introduction 
This section showed the combined application of aerogel and PCM for thermal protection. 
Aerogel and PCM were coated on the opposite sides of a thermal liner face cloth. In the main 
thesis body Section 5.1, only the thermal protection performance was demonstrated through 
comparing a sample coated one side with aerogel and another side with PCM particle (sample-
S1) against another which was coted both sides only with binder paste (sample-S2).  
C1.2: Thermal resistance 
Figure 6 as presented in Section 5.1 showed the thermal performance of the samples. The 
instrument produced a time-temperature graph and digital data files. Data files were used to 
produce Figure 6 (in thesis chapter 5.1). However, the original graph produced by the ‘virtual 
bench logger’ is shown in Figure C1.1 as to simply represent the nature of all the similar graphs.  
 
 
Fig C1.1: Original graph produced by ‘VirtualBench-logger softwer’. Here sensor-10 (green) was 
placed on the surface of the outer layer, sensor-7 (white) was placed behind the outer layer, sensor- 8 
(red) was placed behind the moisture barrier, sensor-11 (blue) was placed behind the S2 and sensor-9 
(yellow) was placed behind S1. 
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Few other samples were also tested in various ambient temperature and various heat intensity 
to confirm the result trend. The graphs are shown in Fig C1.2. 
 
 
Fig C1.2: Time temperature profiles of four other similar samples (similar to Fig-6 of Ch5.1) which 
were subjected to different heat intensity from different ambient temperature. Here S1, outer, moisture 
and S2 shows the temperature behind sample S1, outer layer, moisture barrier and sample S2 
respectively. 
From these graphs, the common trend of superior heat insulation property of aerogel-PCM 
coated thermal liner (S1) is clearly visible.   
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SECTION C2 
C.2.1 Introduction 
The objective of Section 5.2 was to optimize the heat capacity of developed microparticle. 
Three different types of microparticles M, D and MD were prepared. The data which was 
used to produce graphs is included in this appendix. 
C.2.2 DSC data to calculate thermal properties 
Thermal capacity and melting-crystallisation temperatures of the developed microparticles 
were determined by using a Pyris Differential scanning Calorimeter over five thaw-freeze 
cycles in the temperature range of 10 to 60 RC. Then the last cycle was carried out form 10 RC 
to 150 RC.  
C.2.2.1 Melting enthalpy:  
 'H Melting 
  1 2 3 4 5 10 to 150 Average 
eicosane 246.3 250.1 249.8 250.5 249 248.3 249
D 133.8 138.1 137.8 142.8 141.5 142.6 139.4
MD 136.7 140.3 141.8 147 147.2 149.1 143.7
M  197.5 197.8 196.9 199.1 199.6 199.4 198.4
 
Then the formula  was used to calculate the SD of measured values as follows 
 
'H Mean 
1/N Σ(Xi-
μ)2 σ 
Eicosane 249 2.376 1.54
D  139.433 12.36 3.51
MD  143.683 23.29 4.82
M    198.383 1.269 1.13
C.2.2.2 Melting temperature:  
  Melting temperature 
   1 2 3 4 5 10 to 150 Average 
Eicosane  37.1 37.1 37.1 37.1 36.9 37.3 37.1 
D  36.8 36.5 36.5 36.6 36.6 36.6 36.6 
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MD  36.7 36.5 36.5 36.5 36.5 36.6 36.6 
M    37.8 36.6 36.6 36.6 36.6 36.6 36.8 
C.2.2.3 Crystallization enthalpy: 
 'H crys-1 
 1 2 3 4 5 150 to 10 Average 
Eicosane 245.8 246.6 247.5 251 248.4 240.4 246.6 
D 122.1 122.5 126.3 125.5 125.5 124.5 124.4 
MD 118.7 125.1 123.3 125.6 125.5 124.5 123.8 
M  192 197.8 197.8 196.1 196.3 186.1 194.4 
 
 'H crys-2 
 1 2 3 4 5 150 to 10 Average 
Eicosane X X X X X X  
D 7.9 5.1 6.9 7 7 6.7 6.8 
MD 9.6 10.3 9.8 8.3 8.2 8.4 9.1 
M 3 2.6 3 3 3 3 2.9 
 
Microparticles Total 'H of Crystallization 
eicosane 246.62 
D 131.1 
MD 132.18 
M 197.35 
C.2.2.4 Crystallization temperature: 
 Crystallization 1 temperature 
 1 2 3 4 5 10 to 150 Average 
Eicosane 33 33 33 33 33.1 33.2 33.1 
D 32.93 32.93 32.85 32.94 32.93 32.74 32.9 
MD 32.53 32.59 32.61 32.63 32.63 32.59 32.6 
M 33.73 33.73 33.72 33.68 33.69 33.74 33.7 
 
 Crystallization 2 temperature 
 1 2 3 4 5 10 to 150 Average 
Eicosane X X X X X X  
D 19 18.9 18.9 18.9 18.9 19.1 18.9 
MD 20.2 20.1 20.1 20.1 20.1 20.3 20.2 
M  18.3 18.2 18.3 18.2 18.1 18.4 18.3 
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Crystallization temperature Standard deviation 
Eicosane 33.05 0.084
D 32.89 0.079
MD 32.6 0.037
M 33.72 0.024
C.2.2.5 Process precaution 
 Proper and adequate penetration of liquid eicosane inside the pores of aerogel is very crucial 
in preparing aerogel-eicosane microparticles. Insufficient or partial penetration may result in 
their separation in hot environment as noticed during the preparation stage. To test the 
adequacy of eicosane penetration inside the aerogel pores, in current study three different 
batches of aerogel-eicosane microparticles were heated inside a narrow test tube in a hot water 
bath. Batch 1 had limited processing time and assumed to have limited penetration inside the 
pores of aerogel. Batch 2 had moderate processing time and batch 3 had adequate processing 
time for proper penetration of eicosane. Figure C2.1 shows the state of microparticles from 
these three batches. 10 ml microparticles from each batch were taken in the test tube and 
weighted before and after heating. The changes in weight are shown in Table C2.1.  
 
 
  
Fig C2.1: Heating in narrow test tubes in hot water bath 
(left) and the conditions of three batches of microparticles 
after heating- (1) limited penetration results in separation 
of PCM from aerogel, (2) moderate penetration results in 
less dipping out but volume changes (3) good penetration 
results in form stable microparticles without any volume 
change or phase separation. 
 
It was observed that microparticles from batch 1 completely separated into two components of 
aerogel and eicosane, batch 2 did not results such phase separation but volume reduced due to 
dipping out of some amount of eicosane, while batch 3 remained intact without phase 
separation or volume change. There was no evaporative loss of eicosane which was confirmed 
by comparing the weight of these batches before and after heating as shown in Table C2.1. 
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Table C2.1: Weight of the microparticles before and after heating 
 Weight of microparticle before heating (g) Weight of microparticle after heating (g)
Batch1 24.94 24.92 
Batch2 23.46 23.46 
Batch3 24.48 24.48 
 
Hence, in preparing aerogel-eicosane microparticles, sufficient penetration of liquid eicosane 
inside the pores of aerogel has to be confirmed for form stability. Sufficient vacuum extraction 
of aerogel particles before the addition of liquid PCM; long enough processing time with 
stirring, heating and/or solvent; proper filtering and washing of the microparticles etc, needed 
to be maintained with special care. 
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Section C3 
C3.1 Introduction 
This chapter also showed combined application of aerogel and PCM in FPC. Unlike Sections 
1 and 2, this part of the research shows protective performance of aerogel and PCM coated 
thermal liner separately along with their combined application. In this Appendix, the data 
which were used to produce graphs and tables in Chapter 5.3, are included. 
C3.2 Coating 
Unlike the coating of aerogel and PCM on the opposite side of a thermal liner face cloth as 
shown in previous section, in this study aerogel and PCM was coated only on one side. Coating 
recipe is given in Table 1 in Section 5.3. PCM containing coating paste was uniform and found 
easy to coat in just one stroke of the blade. However, the aerogel containing paste was difficult 
to coat and required two to three strokes of the blade to achieve uniform coating. Aerogel on 
PCM coated fabric was produced by coating PCM in first stage, then it was dried and finally 
coated with aerogel paste, dried and cured. Due to manual setting of coating thickness, drying 
and curing, it was not possible to precisely maintain and ensure uniform coating throughout all 
the areas of all the samples. Aerogel coated samples were coded as A1, A2, A3, A4; Binder 
coated samples were coded as B1, B2, B3, B4; PCM coated samples were coded as C1, C2, 
C3, C4; and aerogel-on-PCM coated samples were coded as D1, D2, D3, D4 etc. 
C3.3 Physical parameters of coated samples 
Table C3.1: Measurement of fabric weight 
Sample Sample 
1 
Sample 
2 
Sample 
3 
Average 
Weight 
SD GSM SD of 
GSM 
A (Aerogel coated) 3.87 3.65 3.72 3.75 0.092 374.67 9.18 
B (Binder coated) 3.74 3.41 3.65 3.6 0.139 360 13.9 
C (PCM coated) 4.14 4.24 4.2 4.19 0.041 419.33 4.1 
D (Aerogel coated on Rubi) 4.02 4.15 4.14 4.10 0.059 410.33 5.9 
Table C3.2: Measurement of fabric thickness 
Sample Sample 1 Sample 2 Sample 3 Average reading of 
thickness 
Thickness in 
mm 
A 131.08 127.42 126.6 128.37 1.28 
B 46.5 44.5 44.8 45.27 0.45 
C 86.33 85.9 83.4 85.21 0.85 
D 100.33 101.5 99.6 100.48 1.01 
N 34.833 33.25 32.67 33.58 0.34 
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N = Uncoated fabric. Reading for Sample-1, 2 and 3 is the average of at least 10 readings from each 
sample. 
C3.4 Ease of ignition 
Data which were used to prepare Figure 5 in Chapter 5.3 are as follows- 
Table C3.3: Flammability behaviour in respect to coated fabric weight and thickness 
 Aerogel coated PCM coated Aerogel-on-PCM coated 
Fabric weight (gsm)  374 419 410 
Thickness (mm) 1.2 0.85 1 
Mean ignition time (sec) 4 3 5 
 
Data which were used to prepare Figure 7 in Chapter 5.4 are as follows – 
Table C3.4: Spreading speed of flame between position H3 to H1 on different samples 
Samples Reading1 Reading2 Reading3 Average SD 
Aerogel Coated 11.3 10.7 10.2 10.73333 0.550757
PCM coated 8.7 8.3 11.1 9.366667 1.514376
Aerogel on PCM coated 13.2 10.5 12.1 11.93333 1.357694
C3.5 Radiation heat resistance test 
The analysed results which were used for the preparation of Figure 9 in Section 5.3 in the 
thesis, are given here. Firstly, the time to reach temperature difference of 12º C and 24º C, 44º 
C and 55º C were counted from the raw data of all the samples. 
Table C3.5: Time to temperature rise at various parameters for all of the test samples. 
Sample RHTI12 
(sec) 
RHTI24 
(sec) 
T44 
(sec) 
T55 (sec) Escape time 
(sec) 
RHTI24-12 
(sec) 
A1 142 290 298 520 222 148 
A2 142 300 302 524 222 158 
A3 148 296 286 496 210 148 
A4 153 314 322 546 224 161 
A5 147 282 296 500 204 135 
A6 141 287 265 458 193 146 
A7 146 286 278 482 204 140 
B1 140 280 262 450 188 140 
B2 138 266 275 470 195 128 
B3 138 274 261 456 195 136 
B4 144 276 264 464 200 132 
B5 140 268 256 456 200 128 
C1 157 298 292 487 195 141 
C2 164 290 280 472 192 126 
C3 140 274 272 458 186 134 
D1 155 302 298 499 201 147 
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D2 173 294 296 498 202 121 
D3 168 312 303 510 207 134 
N1 112 234 226 406 180 122 
N2 111 225 217 390 173 114 
N3 116 238 223 410 187 122 
 
Then the best three results (as shown highest resistance for a sample type) were taken and the 
mean values were reported as the corresponding values of all the respective samples as 
follows-  
Table C3.6: Data analysis of radiant heat exposure of various samples 
 Sample A Sample B Sample C Sample D Sample N 
RHTI12 (sec)
Reading 1 142 140 157 155 112 
Reading 2 142 138 164 173 111 
Reading 3 153 138 140 168 116 
Average 145 138 153 165 113 
Std. 5.18 0.94 10.07 7.58 2.16 
T44 (sec)
Reading 1 298 262 292 298 226 
Reading 2 302 275 280 296 217 
Reading 3 322 261 272 303 223 
Average 307 266 281 299 222 
Std. 10 6 8 3 4 
RHTI24 (sec)
Reading 1 290 280 298 302 234 
Reading 2 300 266 290 294 225 
Reading 3 314 274 274 312 238 
Average 301 273 287 302 232 
Std. 10 5 10 7 5 
T55 (sec)
Reading 1 520 450 487 499 406 
Reading 2 524 470 472 498 390 
Reading 3 546 456 458 510 410 
Average 530 459 472 502 402 
Std. 11 8 11 5 8 
 
Finally, the escape time was calculated and shown in Table C3.7 
Table C3.7: Result summary and escape time for radiant heat exposure on various samples 
 T44 
(sec) 
T55 
(sec) 
Escape 
time (sec) 
RHTI12 
(sec) 
RHTI24 
(sec) 
RHTI24-RHTI12 
(sec) 
A 307 530 223 145 301 155.67 
B 266 459 193 138 273 134.67 
C 281 472 191 153 287 133.67 
D 299 502 203 165 302 137.33 
N 222 402 180 113 232 119.33 
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To create the time-temperature curve in Figure 8 in Section 5.3, values for sample A, B, C and 
D were selected on the basis of their closeness to average value. To select data series for each 
sample, the value which was closer to the average, data series related to that sample had been 
chosen. 
 
Apart from the data as shown in Section 5.3, few more batches of samples were coated with 
different percentage of aerogel and PCM content and their radiant heat resistance was  
analysed. It was observed that, at low aerogel concentration, PCM coated fabric shows better 
thermal resistance than other samples. Transparency of aerogel to radiant heat can be the reason 
for lower resistance. If this is the main reason, then the results should show that PCM coated 
fabric has the highest resistance and aerogel coated fabric as the lowest, while aerogel on PCM 
should show lower resistance than PCM coated fabric but higher than aerogel coated fabric. 
But in our investigation, no constant trend was identified. Depending on the aerogel and PCM 
concentration, diversified results were observed as seen from Table 3.6. Extensive future study 
is required to establish proper relationship with the aerogel-PCM add on percentage to their 
radiative heat resistance. Few examples from these additional investigations are included here. 
Here all the four samples were coated as coat-on-coat and in one stroke. Samples were coated 
all together in one stroke by dividing the fabric in four parts with adhesive tape in coat-on-coat 
method. At this case, the percentage of aerogel was very low in comparison to the percentage 
of PCM in coating paste. 15g PCM or 2.5 g AnP was added into 50g Permaset binder. As 
mentioned earlier, aerogel coating usually requires two to three stroke to have even coating on 
fabric surface. Hence, when it was coated with just one stroke, aerogel coated samples had 
poorly coated surface in comparison to other three types of sample. It also affects the thermal 
resistance as can be seen from Table C3.8 
Table C3.8: Radiative heat resistance of coat-on-coat samples. 
 Batches  Parameter (sec) 
Aerogel 
coated on 
PCM 
Aerogel 
coated on 
aerogel 
PCM coated 
on PCM 
Binder coated 
on binder 
1 
T44 133 110 185 102
T55 197 168 348 162
Escape time 64 58 163 60
2 
T44 112 109 111 95
T55 169 161 163 143
Escape time 57 52 52 48
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3 
T44 124 109 117 99
T55 185 163 174 150
Escape time 61 54 57 51
4 
T44 108 103 130 99
T55 168 164 199 152
Escape time 60 61 69 53
 
From this investigation, it is can be said that combination of PCM with aerogel increases the 
thermal resistance.  
C3.6: Dry heat resistance (Conductive heat resistance) 
Each of the three samples from all five categories was tested using SGHP to analyse their 
resistance against dry heat. The results were presented in Figure 10 in Section 5.3. Table C3.9 
includes the data which were used to prepare Figure 10. 
Table C3.9: Performance of various samples when exposed to conductive heat in SGHP. 
 A B C D N 
SGHP reading 1 0.0972 0.0621 0.0725 0.0816 0.0766 
SGHP reading 2 0.0955 0.063 0.0713 0.083 0.0699 
SGHP reading 3 0.096 0.0635 0.0826 0.0831 0.0697 
Average machine reading 0.0962 0.0628 0.0754 0.0825 0.0720 
Rct (after deducting the bare 
plate reading) = 
0.0369 0.0035 0.0161 0.0232 0.0127 
SD 0.0007 0.0005 0.0050 0.00068 0.0032 
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Appendix-D  
Supporting information for Chapter 6 
D1. Introduction 
Appendix D includes the data which were used to produce results for Chapter 6, excluding 
the thermocouple data.  Thermocouple were used during compressive heat resistance tests.  
D2: Physical parameters of the samples 
Table D1: Measurement of fabric weight and thickness 
Samples Thickness (mm) gsm 
Commercial nonwoven batting (B1) 0.35 50 
Aerogel Thermal wrap (A) 3.27 285 
PBI outer layer  0.51 240 
NomexThermal liner (F) 0.37 130 
Steadair Goretex moisture barrier (S) 2.27 250 
Commercial reinforcement material (Rinf) 1.5 500 
D3: Calculation of air permeability 
The data which were used to show the air permeability in Fig 9 of Chapter 6 is shown in 
Table D2.  
Table D2: Air permeability of all the samples 
Samples Air Permeability (mL/cm2/s at 50 Pa) 
Liner (F) 5.90 
Batting (B1) 54.06 
Aerogel NW (A) 12.40 
Steadair (S) 1.61 
batting 3p 14.43 
batting 8p 6.43 
batting 10p 4.97 
Steadair+batting 1.56 
Liner+batting+steadair 1.64 
Liner+Aerogel NW 3.87 
Steadair+Aerogel NW 1.55 
Liner+batting 4.82 
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D4. Dry heat resistance data 
The data which were used to prepare thermal graph in Fig 5 in Chapter 6 is shown in Table 
D3. 
Table D3: Calculation of dry heat resistance 
D5. Moisture vapour resistance of the samples and permeability index 
The data that were used to prepare graphs in Fig 12 and 13 in Chapter 6 are shown in Table 
D4. 
Table D4: Moisture vapour resistance and permeability index 
 Rct Ret imt 
A 0.1889 17.482 0.65 
B 0.0228 1.373 1.00 
B10 0.1782 15.641 0.69 
B12 0.1994 17.607 0.68 
S 0.0645 10.89 0.35 
ET 0.0396 4.917 0.49 
TM 0.0577 21.401 0.16 
P1 or P2 0.1981 20.277 0.59 
 
 
 
Parameter F S B 
B
3 
B
4 
B
6 
B
8 
B
10 
B
12 
A
 
R
inf 
P1 
ET 
TM
 
Rct 0.0766 
0.091 
0.0817 
0.118 
0.1336 
0.1852 
0.211 
0.2388 
0.26 
0.2492 
0.0829 
0.2598 
0.1013 
0.1252 
Rcf 0.0173 
0.0291 
0.0228 
0.0608 
0.0764 
0.1246 
0.1504 
0.1782 
0.1994 
0.1889 
0.0233 
0.1981 
0.0396 
0.0633 
CV% 0.64 
0.77 
1.95 
0.43 
0.49 
0.65 
0.7 
0.67 
1.71 
0.55 
0.95 
0.92 
0.56 
0.77 
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D6: Compressive heat resistance 
Thermocouple data which were used to create Figure 6 and 7 are large data logger files which 
are not included here. However, the analysed data which were used to prepare Figure 8 (a) 
and (b) are shown in Table D5. 
Table D5: Analysed results for radiant heat exposure. 
 T44 (sec) T55 (sec) Escape 
time (sec) 
A 85 139 54 
ET 16 21 5 
TM 42 75 33 
Rinf 14 19 5 
P1 86 150 64 
B10 51 87 36 
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	Appendix-E  
Supporting information for Chapter 7 
E1. Introduction 
Electrospinning of aerogel nonwoven is discussed in Chapter 7. Only one method of needleless 
electrospinning and electrospraying is discussed in Chapter 7. However, this study also 
identified other recipes, methods and techniques to electrospin aerogel particles in needleless 
and needled methods.  
E2. Alternative approach of aerogel electrospinning 
This section demonstrates needled and few other needleless techniques of electrospinning 
aerogel particles in nonwoven form. In an initial approach, needled electrospinning was 
unsuccessful due to clogging of needle hole by aerogel particles. To overcome this problem, 
needleless method was developed. However, at the same time, investigation continued on 
needled method and as the consequence aerogel nonwoven was successfully electrospun in 
needled method by further grinding the aerogel particles and increasing the needle diameter. 
grinded aerogel particles were also successfully electrospun with 18 gage needle without 
clogging as shown in Fig E3. 
 
In case of alternative needless approach several other types of spinning head were investigated. 
Among those,  syringe-cut surface with coiled wire (as shown in Fig E1) and multi holes tube 
spinneret (as shown in Fig E2) were successful to needlelessly electrospin aerogel.  
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Fig E1: Spinning head formed by cutting the syringe and inserting a metal coil (Left) and ejection of 
polymer jet during electrospinning. 
 
Fig E2: Spinning head formed by using a multi-hole tube instead of needle 
 
Fig E3: Needled electrospinning of aerogel. 
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Fig E4: Needle clogging during needled electrospinning. 
E3. Results and discussion 
Scanning electron microscope was used to observe the electrospun fibre and aerogel particles 
in produced nonwoven on base textile. The thermal resistance to dry heat (Rct) of one such 
sample has been measured. 
E3.1 SEM observations: 
 
Fig E5: TPU electrospun aerogel on base textile. Image shows irregular electrospun fibre with 
deposited aerogel particles (Needled method). 
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Fig E6: Aerogel particles transferred and deposited on base textile (Needleless method). 
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Fig E7: Aerogel particles transferred with TPU electrospun fibre (Needleless method). 
E3.2 Thermal resistance 
Thermal resistance of one 30 cm × 30 cm sample was tested to measure the heat insulation 
performance of such electrospun aerogel nonwoven on base textile.  
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Fig E8: Thermal resistance of aerogel electrospun fabric. 
It was found that electrospinning with aerogel enhances the thermal resistance of the base 
fabric. Increment of fabric weight due to electrospinning of aerogel was only 10 gsm while 
thickness of the fabric increased only 0.02 mm. In this respect, it can be assume that 
electrospinning of aerogel particles on fabric surface can be an effective way to increase 
thermal resistance of a textile. 
E4: Limitation 
The weak bonding of electrospun mat on the fabric surface is the major drawback of 
electrospun aerogel nonwoven. As the nanofibres dry out on its way to fabric surface, it does 
not stick on the surface strongly. Thus, it is easily detachable from the surface of base textile 
as shown in Fig E9. However, if the detached electrospun aerogel membrane could be found 
useable in any other sectors, then this limitation could be a benefit.  
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Fig E9: Electrospun aerogel membrane, separated from the base textile. 
E5: Conclusion 
Electrospinning can be used to transfer aerogel particle on fabric surface. As the transfer media 
is nothing but a porous nanofibre mat, then it can be assumed that the particle:binder ratio and 
the breathability of electrospun aerogel fabric will be higher than the normal coated aerogel 
fabric. This method has numerous potential to be used in diversified filed of application and 
required further research to overcome its limitations and find proper usability. 
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